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SUMMARY 
Experimental i n v e s t i g a t i o n s  were made of t h e  s t a b i l i t y  of CdS04 s o l u t i o n s  
under e l e c t r o n  i r r a d i a t i o n .  
The experimental  condi t ions  s tud ied  w e r e  as follows: 
Solu t ion  composition - 0.02 and 0.067 M CdS04 i n  water. 
Temperature - 60 t o  12OoC range. 
Radiat ion I n t e n s i t y  - 73 and 145 w p e r  cc of so lu t ion .  
Container - Zircaloy-2 with t i t an ium f i l t e r .  
Agi ta t ion  - s ta t ic  so lu t ion .  
Surface area t o  volume r a t i o  - 6 1  cm /cc. 2 
Small amounts of Cd were l o s t  during 30 min i r r a d i a t i o n s  at  each t e s t e d  
combination of t h e  above set of conditions. 
ioss at ILU L and 
l o s s  a t  77OC w a s  3.3% - + 2.8% and t h a t  at  77°C and 73 w p e r  cc was 2.0 2 2.7%. 
One experiment w i th  0.02 M CdS04 and H2S04, pH 2, i n d i c a t e d  n e g l i g i b l e  lo s s .  
With 0.02 M CdS04 s o l u t i o n s ,  t h e  
---a- 1 I E  w per cc w a s  5.0% f 3.4% SrrOi at 80% ~ i x i f f Z e i ~ ~ .  %.e 
With 0.06 M CdS04, t h e  l o s s  a t  6OoC and 145 w p e r  cc w a s  1.5% & 1.0%. 
A t  12OoC, t h e  b e s t  i n d i c a t i o n  w a s  about 4% l o s s .  
w i th  5- and 50-min i r r a d i a t i o n s  of 0.067 M CdS04 at  6OoC and 145 w p e r  cc 
i n d i c a t e d  t h a t  t h e  amount of Cd l o s t  w a s  g r e a t e s t  a t  t h e  longer  time. 
The r e s u l t s  of experiments 
Experimental information on recovery of t h e  sepa ra t ed  Cd a f t e r  i r r a d i a t i o n  
i n d i c a t e d  t h a t  t h e  rates of r ed i s so lu t ion  are slow. 
Considerat ions of t h e s e  r e s u l t s  and of theory sugges t  t h a t  Cd metal is  
formed under i r r a d i a t i o n  and t h a t  t h i s  s epa ra t e s  as r e l a t i v e l y  i n s o l u b l e  
material by agglomeration o r  by p l a t i n g  on s o l i d  su r faces .  
mental i n v e s t i g a t i o n  of e f f e c t s  of a g i t a t i o n  and of s u r f a c e  area t o  volume 
Addi t iona l  exper i -  
i v  
r a t i o s  would b e  required t o  p r e d i c t  t he  e f f e c t s  of r a d i a t i o n  on s t a b i l i t y  i n  
a r e a c t o r  i n  which these  parameters d i f f e r  from those i n  t h e  present  experi-  
ment s . 
Equipment f o r  t h i s  experimental  work w a s  designed and developed. Also 
design and development work w a s  done on a system which could be  used t o  s tudy  
e f f e c t s  of i r r a d i a t i o n  on s t a b i l i t y  i n  a dynamic system. The planned dynamic 
experiment was t o  be conducted with a s m a l l ,  h igh speed (35,000 rpm), cen t r i fu -  
g a l  pump wi th  which s o l u t i o n  was t o  be  c i r c u l a t e d  t h r u  a small bore tube form- 
i n g  a loop i n  f ron t  of t h e  cover p l a t e  of t h e  pump. 
ventory w a s  t o  be  i r r a d i a t e d  continuously.  The purpose of t h e  tube w a s  t o  
provide a channel i n  which f i l m  condi t ions  could be made comparable t o  those  
i n  the  Tungsten Water Moderated Reactor. A s u b s t a n t i a l  p a r t  of t h e  develop- 
ment work w a s  concerned with (1) e s t a b l i s h i n g  experimental  arrangements i n  
which uniform pa re r  d e n s i t i e s  of about 150 w pe r  cc would p r e v a i l  during 
e l e c t r o n  bombardment using an a v a i l a b l e  Van de Graaff a c c e l e r a t o r ,  and (2) es tab-  
l i s h i n g  the  r e l a t ionsh ip  between e l e c t r o n  beam cur ren t  and power dens i ty .  
t i o n  dosimetery and beam curren t  measurements were employed. 
The e n t i r e  s o l u t i o n  in-  
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t 1. In t roduc t ion  
Poison c o n t r o l  s o l u t i o n s  of CdS04 are being considered by t h e  NASA Lewis 
Research Center f o r  poss ib l e  use i n  t h e  NASA Tungsten Water-Moderated Reactor 
(TWMR). 
t hese  s o l u t i o n s  toward l o s s  of Cd w a s  needed i n  eva lua t ions  of t h i s  poison 
c o n t r o l  system. 
t i o n s  under electron i r r a d i a t i o n  with i n t e n s i t i e s  and o t h e r  condi t ions  such 
t h a t  they e i t h e r  s imula te  those  i n  t h e  r e a c t o r  o r  provide a severe test of 
p r e c i p i t a t i o n  of Cd m e t a l  or compounds from t h e  bulk of s o l u t i o n  i n  t h e  r eac to r .  
Two p r i n c i p a l  types of experiments w e r e  planned: 
would be  s ta t ic  during i r r a d i a t i o n  and those  i n  which t h e  s o l u t i o n  would b e  c i rcu-  
l a t e d  t o  produce f i l m  condi t ions  comparable t o  those  i n  t h e  r eac to r .  
syskem w a s  c w u p k t e d  a d  - ~ s d  h teats  zf s c l ~ t i ~ z  sC&iLity a+- sever~l dif-  
ferent sets of conditions.  The dynamic system w a s  designed, and t h e  design was 
shown t o  be f e a s i b l e  and adequate by component t e s t i n g .  
w a s  no t  constructed.  
Information regarding the e f f e c t s  of i r r a d i a t i o n s  on t h e  s t a b i l i t y  of 
W e  have planned and developed experiments t o  test CdS04 solu- 
those  i n  which t h e  s o l u t i o n  
The s ta t ic  
The f i n a l  dynamic system 
Experiments w e r e  conducted on 0.02 and 0.067 M CdSO i n  t h e  temperature  
range 60 t o  12OoC and i n  t h e  r a d i a t i o n  i n t e n s i t y  range of 75 t o  150 w p e r  cc 
of s o l u t i o n .  
w i t h  0.02 M CdS04 which w a s  ad jus ted  t o  pH-2 with H2S04. 
s t u d i e d  w e r e  l i m i t e d  t o  t h e s e  because of t h e  e x p i r a t i o n  time a v a i l a b l e  f o r  ex- 
per imentat ion.  
2 B a s e s  f o r  Experiment Design 
4 
The pH w a s  t h a t  of t h e  n e u t r a l  sa l t  i n  a l l  b u t  one experiment 
The test condi t ions  
2.1 In t roduc t ion  
As i nd ica t ed  above, t h e  bas i c  c r i t e r i o n  f o r  t h e  design of experiments w a s  
1 
2 
t h a t  experimental  condi t ions e i t h e r  s imula te  those i n  t h e  r e a c t o r  o r  provide 
a seve re  test  of s o l u t i o n  s t a b i l i t y  i n  the  r eac to r .  Radiat ion e f f e c t s  which 
were t e s t e d  were those which might o r i g i n a t e  from changes i n  t h e  so lu t ion .  
Radiation e f f e c t s  which might o r i g i n a t e  from changes i n  the  adsorp t ion  proper- 
ties of the  conta iner  material under neutron i r r a d i a t i o n  were n o t  t e s t e d .  The 
k 
use of f a s t  'e lectrons r a t h e r  than r e a c t o r  r a d i a t i o n s  i n  t h e s e  experiments was 
j u s t i f i e d  on t h e  bas i s  of t h e o r e t i c a l  cons idera t ions  of t h e  course of r a d i o l y s i s  
under e l e c t r o n  and r eac to r  r ad ia t ions .  
po in t s  of r e a d i l y  a v a i l a b l e  high r a d i a t i o n  i n t e n s i t i e s  and r e l a t i v e  s i m p l i c i t y  
It w a s  a l s o  j u s t i f i e d  from t h e  s tand-  
of experiments. These and o t h e r  cons idera t ions  r e l a t i n g  t o  the  design w e r e  
reported previously and are summarized below. 1 
Reference information on a CdSO poison c o n t r o l  system f o r  TWMR i s  l i s t e d  4 
i n  Table 1. 
2.2 Theore t ica l  
2.2.1 Radiolyt ic  Reactions i n  CdS04 Solu t ions  and I n s t a b i l i t y  i n  
Bulk of Solut ions.  
a. General 
Radiation e f f e c t s  on s o l u t e s  such as CdSO i n  d i l u t e  aqueous s o l u t i o n  are 
4 
brought about by reac t ions  between t h e  s o l u t e  and t h e  r a d i o l y t i c  products  of 
water. These products inc lude  oxid iz ing  and reducing r a d i c a l s  (e- aq' H' 0% 
H202, and 02). Although the  hydro- 2' 
and H02) as w e l l  as molecular products  (H 
gen atom, H ,  does not react with Cd+2, i t  is  known t h a t  t h e  hydrated e l e c t r o n ,  
- 
e reacts a t  a rapid rate, and t h e  product is thought t o  be Cd"' (Table 2 ,  
aq ' 
The fa te  of t h e  Cd" i n  a given s o l u t i o n  i s  unce r t a in  be- r eac t ion  3 3 ) .  2 ' 3  
*We do not  imply tha t  any such e f f e c t s  are  l i k e l y  t o  be  important .  However, 
add i t iona l  cons idera t ions  of t h i s  p o s s i b i l i t y  should be  made. 
. 
b 
I 5  
3 
Table 1. Reference Information for CdSO Poison-Control System in TWMR 4 
Parameter 
~ ~ ~- ~~ 
Description or Value 
So lut i on Compos it i on 
Solvent 
CdS04 
H2S04 
Gas content 
Container 
Flow rate 
Temperature 
Radiation 
y-ray% 
fast neutrons 
Time 
H2° 
.01 to 0.1 M 
a -
b - 
Zircaloy-2 
40 ft per sec 
60 to 12OoC 
50 w/cc 
100 w/cc 
C - 
- a Sulfuric acid additions were considered a possibility. 
b Radiolytic gas and corrosion hydrogen would presumably be present but 
the concentrations were unknown. 
c Intermittent irradiation with pulse times of a f e w  sec and total times 
of several min. 
- 
4 c 
, 
cause t h e  rate constants  f o r  poss ib ly  important r eac t ions  of t h i s  spec ie s  are 
unknown. 
are included i n  Table 2. Only Reaction 48 could p l aus ib ly  a f f e c t  t h e  s t a b i l i -  
t y  of Cd i n  t h e  bulk of s o l u t i o n  i n  a s teady-s ta te  s i n c e  Cd-metal is  produced, 
and the  rate of oxidat ion of t h e  metal could be  r e l a t i v e l y  slow. 
a c t i o n s  r e s u l t  i n  t he  reoxida t ion  of Cd" t o  Cd+2. 
such t h a t  t h e  oxidat ion r eac t ions  predominate s t rong ly  over  r eac t ion  48, no  
s i g n i f i c a n t  amount of Cd-metal would be expected. 
f e c t s  stemming from reac t ions  wi th  t h e  s u l f a t e  seem unl ike ly .  
b 
Reactions which were thought t o  be  of poss ib l e  importance i n  TWMR 
* 
The o t h e r  re- 
I f  t h e  r e a c t i o n  rates were 
S i g n i f i c a n t  reduct ion ef- 
6 
The r e s u l t s  of ca lcu la t ions '  of s teady-s ta te  concent ra t ions  of r a d i o l y t i c  
spec ie s  i n  which reac t ions  48 and 25 were assumed t o  occur along wi th  the  us- 
u a l  r a d i o l y t i c  reac t ions  i n  water l e d  t o  t h e  conclusion t h a t  f o r  c e r t a i n  
p l a u s i b l e  sets  of rate cons t an t s  an apprec iab le  fraction** of t h e  ca t ion  would 
exist i n  t h e  reduced form. This  l e d  t o  t h e  f u r t h e r  conclusions t h a t  t he  forma- 
t i o n  of Cd-metal i n  TWMR could no t  be  excluded on t h e  b a s i s  of a v a i l a b l e  in-  
formation, and t h a t  experiments would be  requi red  t o  determine s t a b i l i t y  under 
i r r a d i a t i o n .  
b .  In t e rmi t t en t  vs continuous i r r a d i a t i o n  
The r a d i o l y s i s  of s o l u t i o n s  i n  which a c t i v e  in te rmedia tes  are formed a t  
apprec iab le  concentrat ions may d i f f e r  between i n t e r m i t t e n t  and continuous ir- 
1 rad ia t ion .  Theore t ica l  cons idera t ions  ind ica t ed  t h a t  continuous i r r a d i a t i o n  
f o r  per iods  of a t  least s e v e r a l  seconds would most c l o s e l y  d u p l i c a t e  expected 
behavior  i n  TWMR. 
*Others 2'4 '5 have observed t h a t  metall ic Cd i s  formed during e l e c t r o n  i r r a d i -  
a t i o n s  of CdS04 so lu t ions ,  and they suggested2 t h a t  r e a c t i o n  48 w a s  a 
poss ib l e  explanat ion.  
**The ce l cu la t ions  employed 0.001 M CdSO s o l u t i o n ,  and t h e  c a l c u l a t e d  concen- 4 t r a t i o n s  of Cd+I ranged up t o  50% o r  more of t h e  Cd i n  s o l u t i o n .  
5 
4 Table 2.  Reactions of Possible Importance i n  Radiolysis of CdSO 
Solutions 
Reaction Reaction Rate Constant 
Noa 
33 
near 25OC 
-1 -1 
(set ,m ,a )  
+1 10 Cd+2 + e- + Cd 5.8  x 10 
aq 
48 cd'l + Cd+' + Cdo + Cd+2 ------ 
25 Cd+' + OH + Cd+2 + OH- ----- 
36,  37 ,  38 Cd+l + (H+, H 0 2 ,  H202) + Cd+2+ ------ 
- a Reaction numbers are those i n  reference 1. 
. 
6 
+ c. Ef fec t  of (H ) 
The add i t ion  of ac id  would be expected t o  reduce t h e  p o s s i b i l i t y  of radi-  
a t i o n  e f f e c t s  on s t a b i l i t y  because of t h e  r eac t ion ,  
- + 10 -1 -1 7 e + H 4 H. (k22 = 2.3 x 10 sec ,m , k ) .  
aq 
+2 
As mentioned above, t he  hydrogen atom, H ,  probably does not  r e a c t  wi th  Cd 
I n  o rde r  t h a t  hydrogen ions  exe rc i se  an apprec iab le  e f f e c t  by t h i s  mechanism 
the  concent ra t ion  must be  about 2.5(Cd ) +2 * 
The add i t ion  of ac id  may a l s o  improve s o l u t i o n  s t a b i l i t y  by inc reas ing  
of Cd'l and Cdo t o  Cd+2. + t h e  rate of oxidat ion by H The p r o b a b i l i t y  t h a t  t h i s  
mechanism would be e f f e c t i v e  could n o t  be assessed  because the  r eac t ion  rate 
cons tan ts  are unknown. 
d. Hydrogen i n  so lu t ion  
The s teady-s ta te  concentrat ions of H 0 and HO are reduced by t h e  ad- 2 2  2 
Accordingly, i f  t hese  spec ie s  are important i n  oxidiz-  2 '  d i t i o n  of excess  H 
ing  Cd+', t h e  add i t ion  of H would inc rease  the  chance t h a t  Cd-metal w i l l  form. 2 
e. Temperature 
The e f f e c t s  of temperature on s t a b i l i t y  could n o t  be p red ic t ed  because of 
i n s u f f i c i e n t  k i n e t i c  da ta .  
2.2.2 Comparisons Between Elec t ron  and Reactor Radia t ions  
From the  s tandpoint  of p o t e n t i a l l y  a v a i l a b l e  r a d i a t i o n  i n t e n s i t i e s  and 
r e l a t i v e  s impl i c i ty  of experiments,  i t  w a s  ev ident  t h a t  t h e  use of f a s t  e- 
l ec t rons  froin an ava i l ab le  Van de Graaff a c c e l e r a t o r  would be p r e f e r a b l e  t o  
in -p i l e  experiments. I n  assess ing  t h e  probable s i g n i f i c a n c e  of r e s u l t s  of Van 
*It i s  assumed t h a t  about 50 percent  of e- should react wi th  H+ i n  o rde r  t o  
cause an appreciable  e f f e c t .  aq 
, 
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6 . de Graaff experiments, use w a s  made of t h e  r e s u l t s  of c a l c u l a t i o n s  of t h e  type 
L mentioned above.' 
are No. 33 and 25, Table 2,  t h e  ca lcu la ted  concent ra t ion  of Cd+' does no t  
Assuming as before t h a t  t h e  only r e a c t i o n s  of t h e  Cd-ions 
change appreciably wi th  r a d i a t i o n  i n t e n s i t y ,  and the  concent ra t ions  under 
e l e c t r o n  i r r a d i a t i o n  are s l i g h t l y  g r e a t e r  than  those  i n  t h e  r e a c t o r  ar t h e  same 
i n t e n s i t y .  are, i n  f a c t ,  important, 
w e  would expect t h e  d i f f e rence  t o  be s t i l l  g r e a t e r  since t h e  concent ra t ions  of 
t h e s e  oxid iz ing  spec ies  are g r e a t e s t  f o r  r e a c t o r  r a d i a t i o n s .  Accordingly, it 
* 
I f  ox id iz ing  r eac t ions  of Cd+l wi th  H 0 2 2  
w a s  concluded t h a t  e l e c t r o n  i r r a d i a t i o n  could provide a severe test of t h e  ef-  
f e c t s  of r e a c t o r  opera t ion  on t h e  s o l u t i o n  s t a b i l i t y .  
2.2.3 Agi ta t ion  During I r r a d i a t i o n  
It can be p l aus ib ly  assumed t h a t  t he  s e p a r a t i o n  of any i n s o l u b l e  material 
from t h e  bulk of s o l u t i o n  would occur at  s o l i d  sur faces .  I f  t h i s  w e r e  t h e  
.' 
case, t h e  mixing of s o l u t i o n  and t h e  f i l m  condi t ions  a t  a s u r f a c e  would b e  
important. However, t h e o r e t i c a l  cons idera t ions  d i d  n o t  enable us t o  p r e d i c t  
r e l i a b l y  whether a g i t a t i o n  would have any e f f e c t  on t h e  s o l u t i o n  s t a b i l i t y  o r ,  
i n  f a c t ,  t h e  d i r e c t i o n  of an e f f e c t  i f  one occurred. Two types of experiments, 
s ta t ic  and dynamic, were the re fo re  proposed i n  o rde r  t o  a s su re  t h a t  t h e  rad ia-  
t i o n  s t a b i l i t y  would be  t e s t e d  under condi t ions  a t  least as severe as those  i n  
t h e  r e a c t o r  where e s s e n t i a l l y  s ta t ic  condi t ions  p r e v a i l  i n  some regions  and 
r ap id  flow p r e v a i l s  i n  o t h e r  regions. I n  t h e  dynamic experiment, t h e  s o l u t i o n  
would b e  c i r c u l a t e d  t o  produce hea t  and m a s s  t r a n s f e r  c o e f f i c i e n t s  between 
s o l u t i o n  and w a l l s  comparable t o  m a x i m u m  va lues  i n  t h e  r eac to r .  
2.2.4 Container Material  
On t h e  chance t h a t  t he  sur face  m a t e r i a l  might a f f e c t  t h e  rate of separa- 
t i o n  of i n s o l u b l e  material, t h e  container material would be of Zircaloy-2 as 
i n  t h e  r eac to r .  
*This d i f f e r e n c e  i n  t h e  ca lcu la ted  concent ra t ions  of Cd+l stems from the  d i f -  
f e r ences  between t h e  y i e l d s ,  f o r  e l e c t r o n  and r e a c t o r  r a d i a t i o n s ,  of each of 
t h e  several r a d i o l y t i c  products of water. 
8 
, 
3 Methods 
3.1 General 
I n  t h e  s t a t i c  experiments,  s m a l l  volumes (d 15X)* of a CdSO s o l u t i o n  were 4 
contained i n  Zircaloy-2 a t  a cont ro l led  (5 5°C) temperature i n  t h e  range 60 t o  
120°C and were i r r a d i a t e d  wi th  e l ec t rons  a t  power d e n s i t i e s  up t o  150 w p e r  cc 
of so lu t ion .  After  continuous i r r a d i a t i o n  f o r  several min (usua l ly  30 m i d ,  
t h e  s o l u t i o n  was displaced wi th  f r e s h  s o l u t i o n  s o  t h a t  the  sample w a s  forced 
t h r u  a f i n e  t i tanium f i l t e r  i n t o  a region ou t s ide  of i r r a d i a t i o n  where i t  w a s  
co l l ec t ed  f o r  ana lys i s  of Cd. 
at the  t i m e  i r r a d i a t i o n  w a s  stopped (and the  temperature reduced t o  30 t o  40°C) 
w a s  a l s o  analyzed f o r  Cd i n  most experiments. The e f f e c t s  of i r r a d i a t i o n  on 
s o l u t i o n  s t a b i l i t y  were evaluated from comparisons between t h e  r e s u l t s  of t h e s e  
Cd analyses  and those f o r  c o n t r o l  experiments without  i r r a d i a t i o n .  The dose 
rate wi th in  t h e  so lu t ion  during an i r r a d i a t i o n  w a s  determined from measurements 
of t h e  e l e c t r o n  current  along with the  previously determined r e l a t i o n s h i p  be- 
** 
The displacement s o l u t i o n  which w a s  i n  t h e  c e l l  
tween cur ren t  and power dens i ty  f o r  the experimental  arrangement. The Zirc- 
aloy-2 conta iner  was a 0.066 c m  I D ,  0.10 cm OD t ube  bent  i n t o  a loop of 1 .3  cm 
diameter.  The temperature of t h i s  tube w a s  con t ro l l ed  by passage of c o n t r o l l e d  
temperature water over t h e  o u t e r  sur face .  The dec i s ion  t o  use the  very s m a l l  
bore  tube r e su l t ed ,  p r imar i ly ,  from cons idera t ions  of temperature g r a d i e n t s  with- 
i n  the  so lu t ion .  A t  150 w p e r  cc  the  ca l cu la t ed  g rad ien t  w a s  7.4"C, and t h i s  
w a s  thought t o  be  near  t h e  maximum which w e  would t o l e r a t e .  
The planned dynamic experiment w a s  t o  be conducted wi th  a s m a l l ,  h igh 
speed (35,000 rpm), c e n t r i f u g a l  pump with which s o l u t i o n  w a s  t o  be  c i r c u l a t e d  
t h r u  a s m a l l  bore  tube forming a loop i n  f r o n t  of t he  cover p l a t e  of t h e  pump. 
* 1 X = 0.001 m l .  
** 3-3.5 1-1 pore s i z e .  
t 
. 
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e The diameters of t he  pump cav i ty  and of t h e  tube 
inch and 26 mils, re spec t ive ly .  The t o t a l  f l u i d  
bore  w e r e  about one-half 
volume w a s  about one-f our th  
cc, and a l l  of t h e  f l u i d  w a s  t o  be i r r a d i a t e d  continuously during exposure. 
The purpose of t he  tube w a s  t o  provide a channel i n  which f i l m  condi t ions  could 
be made comparable t o  those i n  the  r eac to r .  
housing could no t  be w e l l  defined, so t h e  f i l m  condi t ions  i n  t h i s  region could 
not  be  es t imated  r e l i a b l y .  
(1) ca l cu la t ed  values f o r  t h e  s o l u t i o n  v e l o c i t y  requi red  i n  a tube  of given 
bore  diameter t o  e s t a b l i s h  f i l m  c o e f f i c i e n t s  comparable t o  those  i n  t h e  r e a c t o r  
at  a v e l o c i t y  and hydraul ic  diameter of 40 f p s  and 100 mils, (2) experimental  
va lues  f o r  head-flaw c h a r a c t e r i s t i c s  of a pump which w a s  designed and t e s t e d ,  
and (3) experimental values f o r  t h e  flow ra te -pressure  drop r e l a t i o n s h i p  i n  a 
-_  3 6  m i l  -- ID t ~ b e  hen_+_ inte the s h q e  reqnlrec! with the cell. 
r a d i a t i o n  on s o l u t i o n  s t a b i l i t y  i n  t h i s  system w e r e  a l s o  t o  be  eva lua ted  from 
comparisons between r e s u l t s  of analyses f o r  Cd i n  i r r a d i a t e d  and c o n t r o l  solu- 
t i o n s .  
The flow around t h e  impe l l e r  and 
The s e l e c t i o n  of t h e  bore  diameter w a s  based on: 
Tfre effects nf ir- 
3 .2  
The ORNL Chemistry Divis ion Van de Graaff Acce lera tor  which w a s  used i n  
t h i s  work could d e l i v e r  a maximum,  continuous, e l e c t r o n  cu r ren t  of 100 pamps 
a t  2 MeV. 
Evaluat ions of Elec t ron  Dose Rate and Uniformity 
Elec t ron  energ ies  of 1.95 t o  2 MeV were used i n  a l l  experiments. 
Before designing t h e  cells, measurements were made of beam uniformity and 
i n t e n s i t y  as a func t ion  of t a r g e t  s i z e  and l o c a t i o n  and of t h e  presence of 
beam s c a t t e r e r s  i n  f r o n t  of a target. The r e s u l t s  were used t o  estimate t h e  
maximum diameter  of a c e l l  i n  which t h e  s o l u t i o n  could be  uniformly i r r a d i a t e d  
at 150 w pe r  cc. The th icknesses  of t h e  t a r g e t  s o l u t i o n  and of t h e  con ta ine r  
materials f o r  which e l e c t r o n  energy would be deposited i n  t h e  s o l u t i o n  a t  t h e  
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maximum, uniform rate were evaluated from cons idera t ions  of t h e  known depth- 
dose c h a r a c t e r i s t i c s  of an e l ec t ron  beam. Following these  measurements and 
cons idera t ions ,  s t a t i c  and dynamic c e l l  mock-ups were employed i n  dose rate 
measurements using a c e r i c  s u l f a t e  dosimeter s o l u t i o n -  
Relat ionships  between t o t a l  e l ec t ron  cu r ren t  and average dose rate t o  t h e  
s o l u t i o n  were determined f o r  t h e  s t a t i c  system i n  these  measurements. The 
r e s u l t s  of t h e s e  measurements provided a d d i t i o n a l  bases  f o r  t h e  s e l e c t i o n  of 
c e l l  dimensions. Thus, t h e  diameter and th ickness  of s o l u t i o n  and conta iner  
f o r  t h e  proposed pumped system w a s  near  t h e  m a x i m u m  f o r  which approximately uni- 
form power d e n s i t i e s  of 150 w p e r  c c  of s o l u t i o n  could be  produced. The di-  
ameter of t h e  s t a t i c  loop w a s  a l s o  near  t h e  maximum f o r  approximately uniform 
power d e n s i t i e s  of 150 w per  cc  of so lu t ion .  
This work is  described i n  more d e t a i l  i n  Sec t ion  4 .  
3 . 3  Sorpt ion  of Cadmium on Surfaces  Out-of-Radiation 
A few measurements were made of t h e  s o r p t i o n  of cadmium on Zircaloy-2,  
s t a i n l e s s  s teel ,  and t i t an ium i n  order  t o  estimate t h e  a c c e p t a b i l i t y  of a 
material o r  of a su r face  prepara t ion  f o r  use i n  our  experiments.  
These tes t s  were c a r r i e d  out  by p lac ing  t h e  metal s u r f a c e  i n  con tac t  w i th  
a test  s o l u t i o n  a t  a temperature of i n t e r e s t  and f o r  a per iod  of t i m e  i n  ex- 
cess of 30 min. Following exposure,  t h e  s u r f a c e  w a s  r i n sed  with water and then  
with 0.05 M H N 0 3 .  The HNO r i n s e  w a s  c o l l e c t e d  f o r  a n a l y s i s  of cadmium. 3 
3 . 4  Miscellaneous 
Measurements were made of t h e  pH of two i r r a d i a t e d  samples i n  sea rch  of 
confirmatory evidence o f  degree of s o l u t i o n  s t a b i l i t y .  
, 
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The s ta t ic  loop used i n  the  f i n a l  experiments was dismantled, examined, 
The and t h e  su r faces  were leached w i t h  2 M H C l  a f t e r  r i n s i n g  wi th  water. 
a c i d  s o l u t i o n s  were analyzed f o r  Cd. 
4. Evaluations of Elec t ron  Dose Rate and Uniformity 
4.1 
Methods and information employed i n  cons ide ra t ions  of t h i s  f a c t o r  are 
Uniformity of Dose Across Thickness of C e l l  
d e t a i l e d  in Appendix I. 
c e l l s  w e r e  chosen t o  be such t h a t  t h e  rate of l o s s  of e l e c t r o n  beam energy t o  
t h e  s o l u t i o n  w a s  near  t h e  m a x i m u m  and w a s  approximately uniform across  t h e  cell. 
The dimensions of both t h e  static and proposed dynamic 
4.2 Beam Uniformity and Dependence Upon S c a t t e r e r s  and P o s i t i o n  a t  Van 
de Graaff 
Prel iminary measurements of the e l e c t r o n  beam i n t e n s i t y  and uniformity 
w e r e  made using a c o l l e c t o r  p l a t e  mounted behind (30 m i l  s epa ra t ion )  a c y l i n d r i -  
cal ho le  i n  a s h i e l d  p l a t e .  
th ickness  of each p l a t e  (1/4 i n .  b ra s s  o r  copper) w a s  s u f f i c i e n t  t o  absorb a l l  
impinging electrons. 
The two p l a t e s  w e r e  e l e c t r i c a l l y  in su la t ed .  The 
The r e s u l t s  are p l o t t e d  i n  Fig. 11-1, Appendix 11. They showed t h a t  a 
c u r r e n t  s u f f i c i e n t  f o r  an average power dens i ty  of 150 w pe r  cc could be  obtain-  
ed w i t h i n  a ce l l  which is 1.35 cm o r  less i n  diameter. However, t h e  cu r ren t  
d e n s i t y  over t h e  s u r f a c e  of t h e  c e l l  w a s  far  from uniform, and t h e  e x t e n t  of 
nonuniformity w a s  ou t s ide  t h e  l i m i t s  considered s u i t a b l e  (+ 25%) f o r  t h e  stabil- 
i t y  experiments. 
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Considerations of methods of producing a more nea r ly  uniform cu r ren t  
dens i ty  ind ica t ed  t h a t  metal f o i l s  between t h e  beam and t h e  t a r g e t  might 
produce the  des i red  e f f e c t  and these  were t r i e d .  
Equipment f o r  measurements of t h e  e f f e c t s  of beam scatterer w a s  comprised 
of t h i r t e e n ,  62-mil, copper p ins  mounted i n  ho le s  d r i l l e d  i n  a 1 /4  i n .  b r a s s  
p l a t e .  
were e l e c t r i c a l l y  i n s u l a t e d  by a 4 m i l  r a d i a l  a i r  gap f o r  p a r t  of t he  th ick-  
ness  of t h e  plate  ( f r o n t  1/8 in . )  and by an 8 m i l  Micarta sleeve f o r  t he  re- 
mainder. 
0.595 cm r a d i i .  
cen ter .  
of t h e  s c a t t e r i n g  material (Fig. 6 )  
The p i n s  were mounted f l u s h  wi th  t h e  f r o n t  s u r f a c e  of t he  p l a t e  and 
The p ins  were loca ted  on concent r ic  circles of 0.277, 0.437 and 
Four p ins  were on each of t h e s e  c i rc les  and one w a s  a t  t h e  
The scatterers were c e n t r a l l y  pos i t ioned  and he ld  by two narrow s t r i p s  
The condi t ions t e s t e d  and t h e  r e s u l t s  are recorded i n  Appendix 111. 
The r e s u l t s  showed t h a t  scatterers are e f f e c t i v e  i n  producing a more 
nea r ly  uniform beam over t h e  areas of i n t e r e s t .  Typica l ly ,  t h e  cur ren t  dens i ty  
nea r  t h e  cen te r  was reduced while  t h a t  a t  t h e  o u t e r  edge w a s  increased.  On t h e  
b a s i s  of t hese  results i t  w a s  expected t h a t  a power dens i ty  of 150 w p e r  cc 
could b e  r e a d i l y  achieved i n  a s t a t i c  ce l l  us ing  a 1.3 c m  loop. 
a l s o  showed t h a t  an approximately uniform beam could be  obtained over  t h e  
l a r g e r  su r face  a reas  required with t h e  dynamic c e l l  (1 .3  c m  diameter) .  The 
average cur ren t  densi ty  i n  t h i s  case would produce a power dens i ty  of about 
115 w p e r  c c  if the e l ec t rons  made only one pass  through t h e  s o l u t i o n .  
ever, t h e r e  w a s  reason t o  expect t h a t  t h e  a d d i t i o n a l  pas ses  caused by back- 
s c a t t e r i n g  would increase  t h e  power dens i ty  t o  150 w p e r  cc. 
The r e s u l t s  
How- 
c 
t 
4.3 Dosimetry Measurements i n  
The experiments which employed 
described i n  d e t a i l  i n  Appendix I V .  
The tests wi th  t h e  s t a t i c  cell 
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Mock-ups of S t a t i c  and Dynamic C e l l s  
t h e  ceric s u l f a t e  dosimeter s o l u t i o n  are 
mock-up showed t h a t  a power d e n s i t y  of 
145 w p e r  cc of w a t e r  could be produced a t  100 vamps t o t a l  cu r ren t  i n  a cell  
wi th  dimensions as l i s t e d  i n  Table 3 and wi th  scatterer and s p a t i a l  arrange- 
ments as follows: 
0.48 cm from plane of test loop. 
Graaff window; 2.27 an. 
with  1.27 diameter  c e n t r a l  hole.  
test loop. 
and t o t a l  e l e c t r o n  c u r r e n t  between 50 and 100 vamps. 
of p in  measurements (Sec. 4.2), t h e  maximum v a r i a t i o n  i n  power dens i ty  w a s  
- + 7% f o r  t h i s  arrangement. 
Gold s c a t t e r e r ,  0.6 an diameter  and 1 m i l t h i c k ,  l o c a t e d  
Distance between p l anes  of loop and V a n  de 
Shie ld  p l a t e  i n  f r o n t  of loop; 0.32 cm t h i c k  b r a s s  
Inner s u r f a c e  of p l a t e  0.16 cm from plane  of 
The results a l s o  e s t ab l i shed  t h e  r e l a t i o n s h i p  between power d e n s i t y  
On t h e  b a s i s  of r e s u l t s  
The r e s u l t s  of t he  dosimetry experiments w i th  t h e  dynamic cel l  mock-ups 
i n d i c a t e d  t h a t  a f a i r l y  uniform power dens i ty  of about 150 w p e r  cc at  100 
pamps could be achieved i n  the  proposed dynamic cell. 
l y  uniform power dens i ty  w a s  deduced from r e s u l t s  repor ted  i n  Sec t ion  4.2 f o r  
t h e  uniformity of cu r ren t  dens i ty  f o r  t h e  ce l l  and s c a t t e r e r  p o s i t i o n s  used 
(Exp. 8 of Appendix 111, 2.91 an window sepa ra t ion  wi th  1 m i l  Au sepa ra t ed  
from t h e  cel l  by 0.48 cm). Since t h e  th ickness  of t h e  window and of t h e  solu- 
t i o n  i n  an experimental  c e l l  would d i f f e r  from those  i n  t h e  mock-up, t h e  re- 
l a t i o n s h i p  between cu r ren t  and power dens i ty  f o r  t h e  experimental  cel l  w a s  no t  
n e c e s s a r i l y  w e l l  e s t ab l i shed .  
per iments  i n  which t h e  ceric s o l u t i o n  would be  exposed wi th in  t h e  ce l l  would 
be  r equ i r ed  f o r  t h i s  purpose. 
The ex i s t ence  of a near- 
It is be l ieved  t h a t  a d d i t i o n a l  dosimetry ex- 
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It is i n t e r e s t i n g  t o  note  t h a t  back-scat ter ing of e l e c t r o n s  i n t o  t h e  
s o l u t i o n s  ( a l s o  s i d e  s c a t t e r i n g  wi th  t h e  s t a t i c  mock-up) cont r ibu ted  import- 
a n t l y  t o  t h e  power dens i ty  i n  both dynamic and s t a t i c  mock-ups. 
ties of about 93 and 107 w p e r  cc of water a t  100 vamps were p red ic t ed  f o r  
t he  s ta t ic  and dynamic mock-ups i n  the  absence of s c a t t e r i n g .  The experiment- 
a l  power d e n s i t i e s  were 145 5 12 and 153 5 23 w per  cc water, r e spec t ive ly .  
These e r r o r s  f o r  the 70% confidence l i m i t  were evaluated from t h e  scatter of 
t he  experimental  da ta  f o r  G ( C e  
e l e c t r o n  i r r a d i a t i o n s .  
Power densi-  
+3 
) as w e l l  as t h a t  f o r  production of Ce+3 during 
5 Equipment f o r  S t a t i c  Experiments 
5.1 Assembly 
The experimental  assembly w a s  comprised, p r imar i ly ,  of (1) t h e  c e l l  i n  
which s o l u t i o n  w a s  i r r a d i a t e d  a t  a con t ro l l ed  temperature,  (2) a u x i l i a r y  
equipment f o r  t h e  in t roduct ion  of s o l u t i o n  samples i n t o  t h e  c e l l  and f o r  t h e i r  
recovery,  and (3) equipment f o r  preheat ing t a p  water t o  a con t ro l l ed  tempera- 
t u r e  before  passage of t h e  water t h r u  t h e  ce l l  j acke t .  
showing components and in te rconnec t ions  of the  s o l u t i o n  system i s  given i n  
Fig. 1. A photograph of the  assembled equipment i s  shown i n  Fig. 2.  The c e l l  
is  behind t h e  d r i f t  tube of t h e  e l e c t r o n  a c c e l e r a t o r  and, t hus ,  does n o t  appear. 
A schematic  drawing 
5.2 C e l l  
5.2.1 Dimensions 
A photograph of t he  ce l l  and j acke t  i s  shown i n  Fig.  3 and a drawing of 
t h e  i r r a d i a t i o n  assembly i s  given i n  Fig. 4. 
t he  l a t t e r  f i g u r e .  
l y  from one c e l l  t o  another ,  and the  a c t u a l  dimensions are l i s t e d  i n  Table 3. 
Nominal dimensions are l i s t e d  i n  
The I D  and length  of t h e  Zircaloy-2 tubing d i f f e r e d  s l i g h t -  
15 
I .  
The OD w a s  40 mils i n  each case. 
The pore s i z e  of t h e  titanium f i l t e r  w a s  0.0003 t o  0.00035 cm. The di- 
The ameter was t h a t  of t h e  enlarged end of t h e  Zircaloy-2 tube (Table 3). 
th ickness  w a s  30 mils. 
5.2.2 J o i n t  Connections 
J o i n t  connections between the Zircalov-2 and s t a i n l e s s  steel cool ing  
j a c k e t  were accomplished as described i n  Fig. 4. 
t h e  6-mil s t a i n l e s s  steel tubing  were made as descr ibed  i n  Fig.  4 only in the 
case of cel l  No. 4. For cells 1 and 2 ,  t hese  connections w e r e  made as s h m  
i n  Fig. 5. The combination of connections and mounting arrangement ( see  be- 
low) used wi th  cell  No. 4 proved t o  be t h e  most r e l i a b l e .  
Those between Zircaloy-2 and 
5.2.3 Zircaloy-2 Material 
Zircaloy-2 c a p i l l a r y  tubing which had been obtained several yea r s  ago 
* 
from a commercial source  w a s  u s e d  i n  f a b r i c a t i o n  of t h e  cell. The i n t e r n a l  
and e x t e r n a l  diameters of t h e  as-received tub ing  were 22.5 and 40 mils .  Before 
use, t h e  i n t e r n a l  su r f ace  of t h e  tubing w a s  chemically pol i shed  (50 cc H 0, 50 
cc conc. HN03, and 10 cc 48% HF) t o  produce a su r face  which had a s a t i s f a c t o r y  
appearance and upon which adsorption of Cd w a s  apparent ly  n e g l i g i b l e  ( see  be- 
low). 
2 
The I D  w a s  enlarged t o  26 m i l s  i n  t h i s  process.  
5.2.4 Fabr ica t ion  of Cell and Jacke t  
The d e t a i l e d  procedure f o r  f a b r i c a t i o n  of t h e  test loop is  given i n  
Appendix V. 
*We had planned t o  use tubing f ab r i ca t ed  at ORNL by machining and drawing. How- 
ever, l eaks  were found i n  each of s e v e r a l  test  p i eces  a f t e r  they were formed 
i n t o  loops ,  and t h e  ma te r i a l  was, accord ingly ,  judged unsa t i s f ac to ry .  
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Table 3. Dimensions and Volumes of Experimental S t a t i c  Cells 
L 
Component Parameter C e l l  No. 
la 2b 4c 
I r r a d i a t e d  
po r t ion  of 
Zircaloy-2 
Zircaloy-2 be- 
tween f i l t e r  and 
s t a i n l e s s  tubing 
S t a i n l e s s  s teel  
tubing between 
ce l l  and 
c o l l e c t i o n  
chamber 
Length (cm) 
I.D. (cm) 
Volume c c  
Volume ( s t eps  on 
p i s ton )  
Surface Area (cm2) 
Length (cm) 
I.D. (cm) 
Volume (cc)  
Volume ( s t e p s  on 
p i s ton )  
Length (cm) 
I.D. (cm) 
Volume (cc) 
Volume ( s t eps  on 
p i s ton )  
4.4 
0.066 
0.015 
245 
0.92 
1.9 
0.071 
0.0076 
12 1 
20 
0.016 
0.0042 
68 
4 . 1  
0.064 
0.013 
141 
0.82 
2.2 
0.075 
0.0098 
10 7 
20 
0.016 
0.0042 
46 
4.1 
0.066 
0.014 
15 2 
0.85 
2.1 
0.071 
0.0084 
91  
20 
0.016 
0.0042 
46 
c 
a. P i s ton  stem No. 1 
b. P i s ton  s t e m  N o .  2 
c. P i s ton  s t e m  Nos. 2 and 3. 
. 
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5.2.5 Cell-mounting Arrangement 
Brass p l a t e s  and o t h e r  equipment used to support  a cell  dur ing  i r r a d i -  
a t i o n  are i l l u s t r a t e d  i n  Fig. 4. 
of t h i s  equipment are included i n  t h e  f igu re .  
l a r g e  p l a t e  in such a way t h a t  the ce l l  and a l l  coolan t  water l i n e s  w e r e  t he r -  
mally i n s u l a t e d  from t h e  p l a t e .  A photograph of t h e  mounting equipment as 
seen from t h e  f r o n t  su r f ace  of the Van de Graaff d r i f t  tube is shown i n  Fig. 6 .  
The gold f o i l  used t o  scatter t h e  e l e c t r o n  beam is at  t h e  cen te r  of the assem- 
bly.  
Dimensions and d e s c r i p t i v e  material f o r  most 
The cell  w a s  a t t ached  t o  t h e  
P a r t  of t h e  c e l l  can be  seen t h r u  t h e  opening i n  t h e  second p l a t e .  
Details of t h e  ce l l -4  attachment t o  t h e  l a r g e  p l a t e  are i l l u s t r a t e d  in 
Fig. 7 and referenced f e a t u r e s  a r e  descr ibed  below. 
(a)  The s t a i n l e s s  s t e e l  tubing w a s  clamped f i rmly  t o  a m e t a l  
block. The Zircaloy-2 tubing w a s  a t t ached  and sea l ed  t o  t h e  s t a i n l e s s  by 
m e a n s  of a s m a l l  amount of epoxy cement but i t  w a s  no t  clamped d i r e c t l y .  
(b) Metal blocks placed as ind ica t ed  w e r e  used t o  s h i e l d  t h e  
epoxy j o i n t s  between (a) and (b) from s c a t t e r e d  e l e c t r o n  i r r a d i a t i o n  and t o  
act  as a support  and as a guide i n  which t h e  Zircaloy-2 tubing could move t o  
r e l i a b l e  thermal  stresses. 
(c )  Metal hoods sh ie lded  t h e  epoxy j o i n t s  on t h e  j a c k e t  connector  
from s c a t t e r e d  e l e c t r o n  i r r a d i a t i o n .  
(d) Each of t h e  coolant water l i n e s  w a s  clamped a t  two p o i n t s  
w i t h  thermal i n s u l a t i o n  between the l i n e s  and t h e  plate .  These p o i n t s  were 
l o c a t e d  away from t h e  loop s o  tha t  t h e  l i n e s  would f l e x  r e a d i l v  as t h e  ce l l  
moved i n  response t o  changes i n  temperature. The two-point mounting preclud- 
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ed s t r e s s i n g  of the  c e l l  upon movement of t h e  e x t e r n a l  water l i n e s .  
5.2.6 Location at Van de Graaff 
The s p a t i a l  arrangements a t  t h e  Van de Graaff coincided wi th  those  used 
i n  dosimetry measurements (Sec. 4 . 3 ) .  The scatterer material and dimensions 
were a l s o  t h e  same. 
5.2.7 Temperature Gradients i n  C e l l  
As s t a t e d  above, t h e  temperature of t h e  c e l l  w a s  con t ro l l ed  by passage of 
controlled-temperature water t h r u  the  i acke t .  During i r r a d i a t i o n ,  t h e  h e a t  
generated wi th in  the  s o l u t i o n  and test tube caused t h e i r  temperatures t o  rise 
above t h a t  of t h e  coolant .  
while  i n  t h e  ce l l .  
4 (Table 3) a t  150 w p e r  cc  of s o l u t i o n  are set f o r t h  i n  Table 4 .  The va lues  
which were used fo r  heatinR rates wi th in  c e l l  components are l i s t e d  i n  Table 
5 .  Values f o r  flow rates, Reynolds' numbers, and f l u i d  f i l m  c o e f f i c i e n t s  are 
l i s t e d  i n  Table 6 .  The est imated temperature g rad ien t s  f o r  ce l l -2  d i f f e r e d  
. only s l i g h t l y  from those  l i s t e d  because of t h e  s l i g h t  d i f f e rences  between in -  
Also, t h e  temperature of t h e  coolant  increased  
E s t i m a t e s  of t hese  temperature g r a d i e n t s  f o r  cel ls  1 and 
t e r n a l  diameters of ce l l -2  and of c e l l s  1 and 4 (Table 3) .  
The est imated temperature d i f f e rences  between coolant  and i n n e r  s u r f a c e  
of Zircaloy-2 ranged from about 2 . 4  t o  3 . 3 O C  (Table 4 ) .  
t h e  cen te r  of t h e  s o l u t i o n  w a s  7 . 3 O C  above t h e  w a l l .  
The temperature  a t  
5.3 Reservoir 
The r e s e r v o i r  (Figs.  1 and 2) w a s  made from a t i t an ium cy l inde r ,  1 . 5  i n .  
I D  and 24.5 i n .  i n  depth. 22 A drawing of t h e  r e s e r v o i r  has  been publ ished.  
i 
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Table 4. Calculated Temperature Gradients i n  S ta t i c  T e s t  
Loop (150 w/cc) 
Location Temperature Temperature 
Gradient at  60°C Gradient at  77 and 
120.Ce 
("C) 1. Portion of Zircalag-2 cm- 
tailling solution 
Center of solution t o  inner 
surface of tube 
Across Zircaloy-2 uall 
Volume heating i n  v a l l  
Heat fram solution 
Total 
7.3' 7.3" 
b . 78b 
0.25 
1.0 
0.25 
1.0 
Across fi lm between Zircaloy-2 
and coolant 
Turbulent flow 
Transition flow 
surface to  coolant 
Total from inner Zircaloy-2 
Total fram center of solution 
t o  coolant 
2. Portion of tube containing 
titanium f i l t e r  
Center of titanium t o  inner 
surf ace of tube 
1.4 (h = 13,UO)f - - 2.2 (h - 8,600)' 
3.3 2.4 
10.5 9.7 
d 
b 
1.1 (minimur) 
0.9 (8aximtm 
l.ld (ainllau) 
0.9 b (maxilm) A c r o s s  Zircaloy-2 w a l l  
Across film between Zircaloy-2 
and coolant 
Turbulent flow 
Transition flow 
surface t o  coolant 
Total from inner Wrcaloy-2 
Total from center of f i l t e r  
t o  coolant 
1.3 (h = 13,100)f - - 1.9 (h - 8,600)' 
2.8 2.2 
4.0 3.3 
3. Temperature rise i n  coolant at 
3.80 cc/sec (19 fps) 0.62/cm 0.62Icm 
a,b,c,d, Methods of calculation described i n  Appendixes of Ref. 22 as follows: 
a. 
b. 
d. 
e. 
f. 
C. 
Appendix 1. 
Appendix 2. 
Appendix 3. See text  and Table 6 
Appendix 4. 
It w a s  assumed that the values of 
60°C except those influencing the 
See Table 6 and text. Calculated 
orciingly, some of the temperature 
less than these values. 
i n  t h i s  report. 
a l l  parameters were the same as those at 
film coefficient.  
values ranged from 13,100 to  13,u)O. Ac- 
gradients across the fi lm vere s l igh t ly  
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Table 5. Calculated Radiation Heating i n  Components of Reference S t a t i c  
T e s t  Loop a t  150 w/cc i n  Solu t ion  
Component Heating Rate -~ 
1. T e s t  sample tube (ca1,sec , c m  ) ( ca 1, s e c-', cm-2 
-1 -1 a ,b  
So l u t  ion  0.13 0.41 
Zircaloy-2 w a l l  0.75 
To ta l  of so lu t ion  p lus  w a l l  0.88 
2. Coolant j acke t  
Water 
S t a i n l e s s  s t e e l  
0.25 
1.22 
3. Tota l  hea t  flowing i n t o  water 
4 .  Titanium f i l t e r  0. 44d 
(neglec t ing  f i l t e r )  2.35 
2.34 
2.75 
-- 
2. 4e 
a. P e r  u n i t  length of loop. 
b. Rela t ive  heat ing rate pe r  u n i t  volume. 
226, Ti-130 (Ref. 22, p. 5 ) .  
Water-39, Zr-156, s t a i n l e s s  steel- 
c. Per  u n i t  area of o u t e r  su r f ace  of Zircaloy-2 tubing. 
d. 
e. 
For a dens i ty  of 3.8 g/cc.  
For - f i l t e r  p lus  Zircaloy-2 w a l l .  
2 1  
Table 6. Flow Rates Thru Cell-Jackets,  Calculated Reynolds' Numbers 
and Calculated Film Coeff ic ien t  on Outer Surface 
of Zircaloy-2 Tube 
C e l l  Temper a t  u re  Flow Rate Reb h 
No. ( " 0  ( c c / s e d a  ( f p s P  (B t u / h r /  f t 2/F) 
1 60 3.63 18 4,200 8 ,6OOc 
d 
1 120 3.00-3.33 15-17 7,100-7,900 13,100-14,000 
1 R  120 3.75 19 8,900 15, 300d 
2 60 3.93 20 4,600 8,600' 
2 120 3.26 16 7,700 13 ,600d 
4 77 4.42 22 6,600 14 ,  400d 
a. C)?xeI.VPd 
b. Calculated 
c. Calculated f o r  19 fps ,  Re = 4,400 and t r a n s i t i o n  zone flow. (Ref.22 
Appendix 3).  
values  of Re and ve loc i ty .  
Calculated f o r  f u l l y  developed turbulen t  flow a s  previously reported.  
(Ref. 22, Appendix 3). 
Approximately the same values  obtained f o r  t h e  l i s t e d  
d. 
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5.4 Displacement P i s t o n  
The displacement p i s ton  (Figs.  1 and 2) w a s  comprised of a t i t an ium 
valve wi th  Teflon packing manufactured by Autoclave Engineers,  Erie,  Pa. 
(30,000 p s i  s e r i e s ) .  This w a s  operated removely using a step-motor. 
Three d i f f e r e n t  valve stems were used during experiments. Stems 1 
and 3 were of t i tanium while  stem-2 w a s  of s t a i n l e s s  s t ee l .  
The r e l a t i o n s h i p  between movement of one s t e p  on t h e  motor and volume 
displacement w a s  determined using a 20 A p i p e t  a t tached  t o  the  discharge s i d e  
of t h e  p is ton .  This r e l a t i o n s h i p  f o r  s t e m - 1  w a s  6.25 x cc / s t ep .  For 
stems 2 and 3 i t  was 9.19 x cc /s tep .  
5.5 Sample Collect ion Chamber 
A drawing of t h i s  chamber showing materials and dimensions is given i n  
Provis ions  f o r  con t ro l  of H e  p ressure  and f o r  adding wash-solution Fig. 8 .  
under p re s su re  are i l l u s t r a t e d  i n  Fig. 1. A s p e c i a l  f e a t u r e  w a s  t he  pro- 
v i s i o n  f o r  de tec t ing  l i q u i d  a t  t h e  t i p  of t h e  tube which jo ined  t h e  chamber 
and t h e  c e l l  (Fig.  8,  Sect ion BB). The e l e c t r o d e  w a s  cons t ruc ted  of a 20 
m i l  platinum w i r e  sealed wi th in  bu t  i n s u l a t e d  from a 60 m i l  OD platinum tube 
using g l a s s  t o  e f f e c t  t h e  seal  and in su la t ion .  The spacing between t h e  e- 
l e c t r o d e  and t h e  t i p  was adjus ted  wi th  t h e  a i d  of a screw arrangement on t h e  
tube.  The e l ec t rode  could be pos i t ioned  s o  t h a t  one s t e p  ( 6  t o  9 x 10 cc)  
i n s e r t i o n  o r  r e t r a c t i o n  of t h e  p i s t o n  made o r  broke t h e  contac t .  Normally, 
t h e  e l ec t rode  w a s  posi t ioned s o  t h a t  one o r  two s t e p s  made o r  broke t h e  
contac t .  
-5 
Pressure  seals a t  the  e l e c t r o d e ,  tube,  and cap were made using Teflon. 
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5.6 Valves and Connecting Tubing 
Refer r ing  t o  Fig. 1, a l l  connecting l i n e s  between t h e  p i s t o n  and t h e  
sample c o l l e c t i o n  chamber w e r e  of 304 s t a i n l e s s  steel c a p i l l a r y ,  6 m i l  I D  
and 60 m i l  OD. The approximate lengths  from t h e  p i s t o n  t o  connector t o  ce l l  
w e r e  29 and 50 cm, r e spec t ive ly .  That from t h e  cel l  t o  t h e  t i p  wi th in  t h e  
c o l l e c t i o n  chamber w a s  20 cm. In t h e  f i n a l  assemblies, V-1 and P w e r e  con- 
nected wi th  a 4.5 cm l eng th  of high p res su re  s t a i n l e s s  steel tubing  (1/4 in. 
OD, 80 m i l  ID), and the  r e s e r v o i r  w a s  j o ined  t o  V-1 wi th  a 3.5 cm length  of 
1 / 4  i n .  t i t an ium tubing (Fig. 2 ) .  For some of t h e  earlier experiments, t h e  
l eng th  of s t a i n l e s s  steel tub ing  between V-1 and P w a s  somewhat g r e a t e r  whi le  
t h e  diameter  w a s  less than i n  the  f i n a l  assembly. Valve V-1 (Figs. 1 and 2) 
w a s  of t i t an ium (High P res su re  Products). The second tube a t  t h e  bottom of 
t h e  r e s e r v o i r  (Fig. 2) w a s  capped using a s t a i n l e s s  steel  f i t t i n g .  
5.7 Coolant Temperature Control 
The i n i t i a l  system f o r  con t ro l  of coolant temperature employed a 1500 w 
h e a t e r  ( r e f .  22, Fig. 6 )  con t ro l l ed  by a Variac. F i l t e r e d  t a p  water under 
supply p re s su re  ( 60 ps ig )  passed through t h e  h e a t e r  and coolant j a c k e t  i n  
sequence. 
below 100°C, and 15 t o  20 p s i g  for  temperatures above 100°C. 
charge p res su re  w a s  obtained by means of a flow r e s t r i c t o r .  
system proved s a t i s f a c t o r y  a t  an ope ra t ing  temperature of 6OOC. 
ope ra t ing  temperature of 120°C could not be achieved because of b o i l i n g  on 
t h e  h e a t e r  su r f aces  and consequent flow reduct ions .  
The j a c k e t  d i scharge  pressure  w a s  0 p s i g  f o r  opera t ing  temperatures  
The h igher  d i s -  
I n  p r a c t i c e  t h i s  
However, an 
The following modi f ica t ions  of t h e  hea t ing  system were made t o  overcome 
t h i s  d i f f i c u l t y :  (1) A second 1500 w h e a t e r  w a s  i n s t a l l e d  i n  series wi th  
t h e  f i r s t ,  (2) a 250 w t a p e  hea te r  w a s  wrapped around t h e  one-eighth inch  
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copper tube which conducted water from the  1500 w h e a t e r s  i n t o  t h e  j a c k e t  of 
t h e  ce l l ,  and (3)  h o t  (-60'0 t ap  water w a s  used as t h e  feed-water supply.  
The second 1500 w h e a t e r  was of t h e  same design as t h e  f i r s t ,  and t h e  power 
i n  t h i s  h e a t e r  was also con t ro l l ed  t h r u  a Variac. For opera t ion  at 120°C, 
the  power i n  each of t hese  h e a t e r s  w a s  a f r a c t i o n  of f u l l  power. The tape  
h e a t e r  w a s  operated at f u l l  vol tage.  Temperature c o n t r o l  wi th  t h i s  system 
w a s  adequate when t h e  flow rate w a s  about 180 cc p e r  min o r  g r e a t e r .  How- 
ever, i t  a l s o  f a i l e d  a t  lower flow rates because of b o i l i n g  i n  t h e  1500 w 
hea te r s .  
The 1500 w hea te r s  were e l e c t r i c a l l y  i n s u l a t e d  from t h e  cel l  and frame 
* 
using a length  of Teflon tube on t h e  discharge s i d e  of t h e  hea te r s .  
water l i n e s  wi th in  t h e  h e a t e r s  were then grounded. 
The 
5.8 Performance of Equipment 
The components and assembly could be made t o  ope ra t e  s a t i s f a c t o r i l y ,  and 
success fu l  experiments were conducted with r e s u l t s  repor ted  i n  Sec. 8. 
ever, d i f f i c u l t i e s  were encountered which delayed experimentat ion.  Major 
ones are descr ibed below. 
How- 
a. Leaks i n  c e l l  assembly 
Leaks occurred a t  t h e  epoxy j o i n t s  on s e v e r a l  occasions.  These r e s u l t e d  
from thermal and mechanical stresses and from r a d i a t i o n  damage t o  t h e  cement. 
The mounting and sh ie ld ing  arrangements used wi th  ce l l -4  were designed t o  
minimize t h e s e  f a c t o r s  and were eminently s a t i s f a c t o r y .  
* Insula t ion  of cell  and frame from ground w a s  necessary f o r  measurement of 
beam cur ren t s .  
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Two c e l l s  developed 
t i o n  and j a c k e t  regions.  
leaks across t h e  Zircaloy-2 w a l l  between t h e  so lu-  
I n  each case, t h e s e  l e a k s  occurred s h o r t l y  a f t e r  
t h e  ce l l  w a s  pu t  i n t o  use. 
experiments could be  completed. 
t h e s e  cases, and it is  be l i eved  t h a t  t h e  l eaks  r e s u l t e d  from d e f e c t s  in the 
m e t a l  which were uncovered by excessive removal of m e t a l  during pol i sh ing .  
I n  one case, ce l l -3 , the  l e a k  occurred be fo re  any 
The I D  of t h e  Zircaloy-2 w a s  ove r s i ze  i n  
b. P i s t o n  
The Teflon stem-packing on the p i s t o n  developed leaks on several oc- 
casions.  These caused d i f f i c u l t i e s  i n  removing gas bubbles from t h e  s o l u t i o n  
as w e l l  as causing l o s s  of so lu t ion  during p res su r i za t ion .  
w e r e  presumably introduced t h r u  t h e  l e a k  when t h e  p i s t o n  was evacuated as 
p a r t  of t h e  usua l  procedure followed i n  f r e e i n g  t h e  system of gas. 
The gas bubbles  
The s t a i n l e s s  steel  s t e m  could no t  be used w i t n  a pH 2 solution ‘ieeziz 
of an apparent r e a c t i o n  wi th  t h i s  so lu t ion .  However, i t  w a s  unaf fec ted  i n  
t h e  n e u t r a l  salt so lu t ions .  
S t a l l i n g  of t h e  step-motor caused by binding of t h e  pis ton-drive arrange- 
ment w a s  encountered on s e v e r a l  occasions. 
e .  S t a b i l i t y  of CdSO s o l u t i o n s  wi th in  equipment 4 
On one occasion, t h e  a n a l y t i c a l  r e s u l t s  of experiments (Appendix V I )  show- 
ed v a r i a t i o n s  between t h e  concentrations of Cd which l e d  us  t o  b e l i e v e  t h a t  Cd- 
bea r ing  s o l i d s  were deposited a t  some l o c a t i o n s  and t h a t  more o r  less of t h i s  
s o l i d  w a s  red isso lved  by t h e  s o l u t i o n  which w a s  passed during f lu sh ing  oper- 
a t i o n s .  I n  o rde r  t o  remove any such depos i t s ,  t h e  e n t i r e  system w a s  f lushed  
w i t h  0.08 M HN03. 
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Following t h i s  ac id  f l u s h ,  severe d i f f i c u l t i e s  were encountered i n  f r ee -  
i ng  t h e  s o l u t i o n  system of gas ,  and t h e r e  were i n d i c a t i o n s  t h a t  gas w a s  
generated wi th in  the r e s e r v o i r ;  presumably from a r eac t ion  between t h e  t i t a n i -  
um and t h e  so lu t ion .  
t i t an ium r e s e r v o i r  w a s  exposed t o  5% H N 0 3  a t  90°C f o r  about one h r .  
t h i s ,  t h e  gas-bubble content of t h e  system could be reduced t o  an acceptab le  
I n  an attempt t o  pas s iva t e  any a c t i v e  su r faces ,  t h e  
Following 
level.  
6 T e s t  of Sorption of Cd Out-of-Radiation 
6 .1  Zircaloy-2 Tubes 
Information on the  amount of Cd sorbed on t h e  Zircaloy-2 tube i n  t h e  
s t a t i c  system i n  t h e  absence of r a d i a t i o n  w a s  needed f o r  t he  design of rad i -  
a t i o n  experiments and f o r  t h e  i n t e r p r e t a t i o n  of r e s u l t s .  Severa l  prel iminary 
so rp t ion  experiments were c a r r i e d  out using Zircaloy-2 tubing prepared i n  our  
shops and having dimensions near  those  i n  t h e  experimental  systems. Sorp t ion  
on t h e  i n t e r n a l  sur face  w a s  t e s t ed .  
A so rp t ion  tes t  w a s  c a r r i e d  out by p lac ing  t h e  s u r f a c e  i n  contac t  w i th  
t h e  t es t  s o l u t i o n  fo r  30 min. One cc  of water w a s  then passed through the  
tube t o  r i n s e  out the t e s t  so lu t ion .  One-tenth cc of 0.01 M H N 0 3  w a s  then 
passed t h r u  the  tube and co l l ec t ed  f o r  analyses .  The HNO s o l u t i o n  contacted 
t h e  su r face  f o r  about 10  min. 
3 
A l ist  of exposure temperatures  and of r e s u l t s  of ana lyses  i s  se t  f o r t h  
i n  Table 7. 
f o r  a few experiments as noted. 
The so lu t ion  was 0.04 M CdS04. S u l f u r i c  a c i d  at 0.01 M w a s  added 
2 T e s t  p i ece  N o .  1 was 4.8 cm long, 0.11 cm OD, 0.052 c m  I D ,  0.77 c m  i n t e r -  
n a l  area and 0.0103 cc  i n t e r n a l  volume. This tube w a s  used i n  t h e  as-received 
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I .  Table 7. Resul ts  of Analyses f o r  Cd i n  Tests of Sorpt ion 
on Zircaloy-2 
Experiment T e s t  Piece Exposure Temperature Cd i n  Sample 
Number Number ("C) (w t o t a l )  ( w / a  1 
1 
. 2  
3 
4a 
5 
6 
7b 
gb 
13' 
14 
15 
16 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 
2 
2 
room 
90 
90 
120 
90 
90 
90 
90 
90 
room 
90 
90 
2.3 
3.3 
4.1 
3.6 
c 0.5 
2.7 
0.9 
< 0.5 
7.9 
3.4 
< 0.5 
< 0.5 
3.0 
4.3 
5.3 
4.7 
3.5 
1.2 
- 
10.3 
3.4 
a. T e s t  p iece  and s o l u t i o n  sea led  i n  g l a s s  and placed i n  120°C oven f o r  1.5 
hr .  Exposure t i m e  f o r  o ther  experiments was 30 min. 
b. O . O l M  H SO i n  test solut ion.  2 4  
c. Tube exposed t o  300°C steam f o r  1 h r  p r i o r  t o  test. 
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condi t ion  i n  consecutive experiments 1 t h r u  4 .  P r i o r  t o  Exp. 5 t h e  s u r f a c e  
w a s  contacted with 0.01 M HNO 
i n  consecut ive Exps. 5 t h r u  8. The tube su r face  then w a s  contacted wi th  8 M 
HN03 a t  room temperature f o r  1.5 h r  and a steam-oxygen mixture (15 p s i )  a t  
300°C f o r  1 h r ,  and then used i n  Exp. 13 .  T h e  tube w a s  r insed  wi th  water 
p r i o r  t o  each experiment. 
a t  room temperature f o r  1 h r  and w a s  then used 3 
2 T e s t  p i e c e  No. 2 w a s  5 .0  c m  long, 0.112 cm OD, 0.066 c m  I D ,  1.0 c m  in-  
t e r n a l  area and 0.017 cc i n t e r n a l  volume. The i n t e r n a l  s u r f a c e  w a s  abraded 
and chemically polished (50 cc H20, 50 cc conc. H N 0 3 ,  10 cc 48% HF) p r i o r  t o  
use. About 6 m i l s  on t h e  diameter were removed i n  t h i s  po l i sh ing  t o  g ive  t h e  
f i n a l  0.066 c m  I D .  This tube w a s  used i n  Exps. 1 4  t h r u  16. 
Microscopic examination of su r face  No. 1 revealed t h a t  dark oxide w a s  
p resent  i n i t i a l l y .  
p resent .  The su r face  of No. 2 had a metall ic l u s t e r  with no apparent oxide.  
A f t e r  t h e  3OOOC steam treatment  whi te  oxide w a s  a l s o  
The r e s u l t s  were i n s u f f i c i e n t  t o  draw d e f i n i t e  conclusions.  They i n d i c a t -  
ed t h a t  s o r p t i o n  occurred on t h e  oxide and t h a t  the amount sorbed changed wi th  
the  amount of oxide. Thus t h e  g r e a t e s t  amount of s o r p t i o n  w a s  found i n  Exp. 1 3  
f o r  which t h e  amount of oxide w a s  a l s o  g r e a t e s t .  A l s o ,  r educ t ion  of t h e  
amount of oxide by chemical po l i sh ing  (Exps. 14-16) e f f e c t e d  a reduct ion  of  
t h e  amount sorbed i n  two of t h e  experiments (compare Exps. 1-4 wi th  14-16). 
Since i t  w a s  considered d e s i r a b l e  t o  have minimum out-of-radiat ion sorp- 
t i o n  on the  Zircaloy-2 tes t  loops ,  t h e s e  loops  were chemically pol i shed  p r i o r  
t o  use. 
using the  above procedures showed t h a t  an undetec tab le  amount of Cd was sorbed 
The r e s u l t s  of two s o r p t i o n  experiments on each of two t e s t  loops 
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2 
on t h e  pol i shed  su r faces  a t  room temperature, < 0.13 pg/cm . Also, t h e  
r e s u l t s  of c o n t r o l  experiments conducted during t h e  r a d i a t i o n  experiments 
(Sec.11) d i d  not r evea l  any increase  i n  so rp t ion  a t  e l eva ted  temperatures. 
6.2 S t a i n l e s s  S t e e l  Capi l la ry ,  Type 304. 
One experiment w a s  made t o  test s o r p t i o n  of Cd on t h e  6 m i l  I D  s t a i n -  
less steel c a p i l l a r y  which was  employed i n  t h e  test system. The method w a s  
similar t o  t h a t  descr ibed above. 
room temperature. 
Exposures w e r e  made i n  0 . 0 4  M CdSO at  4 
2 
The a n a l y t i c a l  r e s u l t s  showed <0.5 pg Cd p e r  cm . 
6 . 3  T i t a n i u m  F i l t e r  Mater ia l  
T e s t s  w e r e  made on t i t an ium f i l t e r  material specimens t h e  s u p e r f i c i a l  
2 areas of which w e r e  1.0 cm . The procedures w e r e  s i m i l a r  t o  those  descr ibed  
above but w e r e  modified so t h a t  test and r i n s e  s o l u t i o n s  w e r e  forced t h r u  t h e  
f i l t e r .  
3.5 and 5.5 pg Cd/cm 
of t h e  f i l t e r  used i n  a r ad ia t ion  experiment w a s  about 0.008 au , t h e  t o t a l  
The r e s u l t s  of two tests each a t  room temperature and at  90°C w e r e  
2 2 and 9.8 and 15.8 pg Cd/cm . Since t h e  s u p e r f i c i a l  area 
2 
s o r p t i o n  w a s  expected t o  be < 0.1 pg a t  t h e  maximum.  T h i s  amount w a s  consider-  
ed n e g l i g i b l e .  
6.4 Brazing Alloy 
T e s t s  w e r e  made of t h e  corrosion r e s i s t a n c e  and cadmium s o r p t i o n  of t h e  
b raz ing  a l l o y  proposed f o r  use with t h e  dynamic cel l .  * T e s t  p ieces  ( J  3 cm 2 ) 
w e r e  exposed overnight i n  0.04 M CdSO a t  90°C. N o  change i n  weight w a s  4 
*ORNL braz ing  a l l o y  RGG 7 ( t i t a n i u m  482, zirconium 4 8 2 ,  beryl l ium 4%). 
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2 observed, and the  Cd so rp t ion  w a s  below de tec t ion  l i m i t s ,  < 0.2 pg/cm . 
7 Procedure f o r  S t a b i l i t y  Experiments 
7 . 1  Experiments Employing Solu t ion  Analyses 
7 . 1 . 1  F ina l  Experiments 
As s t a t e d  i n  Sect ion 3, about 15 X of s o l u t i o n  were i r r a d i a t e d  during an 
experiment. Quant i ta t ive  sampling of t h i s  small volume w a s  accomplished by 
expel l ing  t h e  so lu t ion  i n t o  t h e  c o l l e c t i o n  chamber where i t  formed a d rop le t  
on t h e  t i p  of t h e  s t a i n l e s s  s teel  tube. The chamber w a s  depressurized,  opened, 
and a 10 h sample withdrawn using a c a l i b r a t e d  p ipe t .  Procedures f o r  c o n t r o l  
samples dupl ica ted  those of t he  i r r a d i a t i o n  samples s o  t h a t  any evapora t ive  
changes of concentrat ion wi th in  the  d rop le t  p r i o r  t o  sampling were a l s o  dupl i -  
cated.  
Two o the r  sampling procedures were t r i e d  during prel iminary experimenta- 
t i o n  but  were unsa t i s f ac to ry  because of poor r e p r o d u c i b i l i t y .  
t hese  a d rop le t  of known volume w a s  t o  be formed by moving t h e  p i s t o n  a known 
amount, and t h i s  known volume w a s  t o  be recovered q u a n t i t a t i v e l y  f o r  ana lyses .  
I n  one procedure,  t h e  sample w a s  washed from t h e  t i p  i n t o  the  bottom of t h e  
c o l l e c t i o n  chamber whi le  t he  chamber w a s  s t i l l  p re s su r i zed  wi th  He.  I n  t h e  
o t h e r ,  t h e  chamber w a s  depressurized and opened be fo re  washing t h e  d r o p l e t  from 
the  t i p .  Attempts t o  develop these  procedures were abandoned when i t  w a s  found 
t h a t  good r ep roduc ib i l i t y  could be achieved by p i p e t i n g  d i r e c t l y  from t h e  drop- 
l e t .  
I n  both of 
The s t e p  by s t ep  procedure adopted i s  given below. 
Refer t o  Fig. 1 f o r  i d e n t i f i c a t i o n  of t h e  components of system. 
1. 
2. 
Charge r e se rvo i r  with CdSO 
Disconnect t he  l i n e  lead ing  t o  c e l l  a t  connector ,  F, and pass  0.05 M HNO 
s o l u t i o n  and p r e s s u r i z e  wi th  H e  t o  450 p s i .  4 
3 
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a 
s o l u t i o n  t h r u  the ce l l  en te r ing  i n  S. Acid is i n  con tac t  wi th  c e l l  f o r  5 min. 
3. Re-make connection and f i l l  l i n e s  between R and S with  r e s e r v o i r  
s o l u t i o n  i n  such a way t h a t  a l l  air  i s  displaced. 
4 .  Pass r e s e r v o i r  s o l u t i o n  i n t o  S u n t i l  t h e  pH of s o l u t i o n  e n t e r i n g  S is 
t h e  same as t h a t  i n  R. 
5. 
6. P r e s s u r i z e  S with  He (60 t o  350 p s i )  . 
7. 
8.  
9. 
Clean S, and cover wide p a r t  of bottom wi th  0.05 M HN03 o r  w a t e r .  
b 
Measure compress ib i l i t y  by i n s e r t i n g  P u n t i l  contac t  on probe. 
Measure leak  rate ( l e a k  rates ranged between 0 and 3 s t e p s  p e r  min). 
I n s e r t  P u n t i l  contac t  on probe and then  retract p i s t o n  15 t o  25 
s t eps .  
10. 
t ap  water. 
Raise ce l l  temperature t o  experimental  temperature from t h a t  of co ld  
11. I n s e r t  P u n t i l  contac t  on probe and then r e t r a c t  t o  b r i n g  the  level 
nea r  t h e  f i l t e r  i n  cell .  
12. Measure l e a k  rate. 
13. Hold f o r  30 min w i t h  i r r a d i a t i o n  (o r  without  i r r a d i a t i o n  f o r  c o n t r o l  
t e s t s )  and then  i n s e r t  P t o  form a d r o p l e t  on t h e  t i p  of t h e  probe conta in ing  
a t  least 1 3  X of so lu t ion .  
14.  Shut o f f  Van de Graaff.  
15. Shut o f f  power t o  hea ters .  
16. 
about 37 O C. 
Depressurize S by venting t h r u  V-4 a f t e r  c e l l  temperature is below 
~~ ~ 
a. I n  e a r l y  experiments, a tee connection leading  t o  a va lve  w a s  used i n  p l ace  
of t h e  connector. The ac id  f l u s h  s o l u t i o n  w a s  introduced at t h e  tee. Some 
of t h e  e a r l y  experiments a l s o  d i f f e r e d  i n  o t h e r ,  minor, d e t a i l s .  
P r e s s u r i z a t i o n  w a s  needed t o  suppress  b o i l i n g  of t h e  test  s o l u t i o n ,  t o  keep 
gases  i n  s o l u t i o n ,  and t o  achieve c l o s e  coupling between movement of t h e  
p i s t o n  and t h e  liquid-gas i n t e r f a c e .  
b. 
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17 .  
18. 
19. 
Open S and p i p e t  10 h from t h e  approximately 1 3  t o  15 A d rop le t .  
Clean S ,  r ep res su r i ze  and measure compress ib i l i ty .  
Open S and i n s e r t  P t o  d i sp l ace  most of t h e  s o l u t i o n  which w a s  i n  
t h e  l i n e  between the f i l t e r  and the  probe a t  t h e  t i m e  i r r a d i a t i o n  w a s  termi- 
nated.  Discard t h i s  so lu t ion ,  
20. 
21. 
Clean S and cover the  wide po r t ion  of t he  bottom wi th  0.05 M HN03. 
I n s e r t  P t o  form a sample  d rop le t  comprised mainly of t h e  s o l u t i o n  
which w a s  i n  t h e  c e l l  when i r r a d i a t i o n  w a s  terminated. 
22. Remove 10 A sample from d rop le t .  
23. Repeat s t eps  f o r  a d d i t i o n a l  experiments. 
A s o l u t i o n  of 1 M H C 1  w a s  used i n  t r a n s f e r r i n g  a n a l y t i c a l  samples from 
The ana lys t  d i l u t e d  t h e  sample t o  t h e  p i p e t  i n t o  a 10 m l  volumetr ic  f l a s k .  
10 m l  and determined Cd+2 concent ra t ion  polarographica l ly .  
The procedures f o r  t h e  c o n t r o l  experiments were t h e  same as those l i s t e d  
except t h a t  t h e  Van de Graaff w a s  no t  operated.  
Samples of the r e se rvo i r  s o l u t i o n  were c o l l e c t e d  a t  i n t e r v a l s  during a 
series of experiments. For t h e s e ,  t h e  s o l u t i o n  w a s  passed r ap id ly  i n t o  S 
a f t e r  t h e  f lush ing  opera t ion  p r i o r  t o  an experiment w a s  completed. A p o r t i o n  
of t h e  s o l u t i o n  was placed i n  a f l a s k  and, f o r  t he  most of t h e  experiments,  
10 h samples were withdrawn f o r  analyses  a t  a la ter  t i m e .  
Usually, th ree  con t ro l  and t h r e e  i r r a d i a t i o n  experiments were made a t  a 
given set of test  condi t ions i n  order  t o  improve and e s t a b l i s h  t h e  p r e c i s i o n  
of  r e s u l t s .  Fewer experiments were made i n  some cases because of shor tage  of 
t i m e  a v a i l a b l e  f o r  experimentat ion.  An i r r a d i a t i o n  experiment and a c o n t r o l  
I 
i -  
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I 
f o r  comparison w e r e  made wi th in  a per iod of a few h r  except  f o r  t h e  experi- 
ments repor ted  i n  Table 8. I n  t h i s  set of experiments,which were t h e  f i r s t  
of t h e  f i n a l  experiments, some of t h e  c o n t r o l s  and r a d i a t i o n  tests w e r e  made 
on d i f f e r e n t  days. 
A s i g n i f i c a n t  change i n  sampling procedure w a s  made fol lowing completion 
of t h e  experiments i n  Table 8.  I n i t i a l l y ,  a sample w a s  p ipe t ed  from t h e  drop- 
l e t  by one worker who watched both t h e  d r o p l e t  and t h e  level w i t h i n  t h e  p ipe t .  
O v e r f i l l i n g  and u n d e r f i l l i n g  of t h e  p i p e t  occurred, wi th  consequent p o s s i b l e  
l o s s  of p rec i s ion .  
ed t h e  level i n  t h e  p i p e t  whi le  t he  o t h e r  watched t h e  d r o p l e t  and opera ted  
t h e  p ipe t .  
I n  t h e  rev ised ,  s a t i s f a c t o r y ,  procedure one worker watch- 
7.1.2 I n i t i a l  Experiments (Tables 18 and 19) 
The i n i t i a l  experiments employed exposure t i m e s  of 5 and 50 min r a t h e r  
t han  30 min. 
f o r  t h e  experiments i n  Table 8. However, they w e r e  less r e f i n e d  i n  several 
r e s p e c t s ;  (1) It is  p o s s i b l e  t h a t  procedure s t e p  5 i n  which d i l u t e  a c i d  o r  
water w a s  placed on t h e  bottom of t h e  c o l l e c t i o n  chamber w a s  omit ted i n  some 
of t h e s e  experiments. This omission would favor  vapor iza t ion  from a sample 
d r o p l e t  and, consequently, a high r e s u l t ;  (2) Valve V-6, Fig. 1, w a s  leaky 
so  t h a t  an uncont ro l led  amount of dry H e  passed over a sample d r o p l e t  during 
t h e  t i m e  of sample withdrawal i n  t h e  case of A-type samples and during drop- 
l e t  formation and sample withdrawal f o r  t h e  B-type samples; and (3) Control  
and r a d i a t i o n  experiments were conducted on d i f f e r e n t  days. 
The procedures were b a s i c a l l y  t h e  same as those  descr ibed  above 
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7.2 Experiments Employing pH Measurements 
Two experiments were made i n  which t h e  sample w a s  analyzed f o r  pH. Twenty 
A samples were required s o  t h a t  t he  sample d rop le t  ( a 2 2  A) contained some solu- 
t i o n  which had not been i r r a d i a t e d  f o r  30 min. Other procedure s t e p s  were es- 
s e n t i a l l y  t h e  same as those  above. 
N o  exact c o n t r o l  experiments were made although experiments of a c o n t r o l  type 
were performed. 
a t  low temperature j u s t  p r i o r  t o  i r r a d i a t i o n .  
alyzed f o r  pH. 
8 
Water w a s  placed i n  S during an experiment. 
I n  these ,  a drople t  w a s  formed on t h e  probe while  t h e  c e l l  w a s  
The d rop le t  was sampled and an- 
Resul t s  of S t a b i l i t y  Experiments Employing Solu t ion  Analyses 
8.1 F i n a l  Experiments 
8.1.1 Tabulations of Resul t s  
The r e s u l t s  of s t a b i l i t y  experiments at s e v e r a l  d i f f e r e n t  sets of condi- 
t i o n s  are l i s t e d  i n  Tables 8 and 9 and 11-14. The i r r a d i a t e d  and i r r a d i a t i o n -  
con t ro l  samples are designated as A-samples. 
t i o n  which w a s  i n  the  c e l l  when i r r a d i a t i o n  w a s  stopped and t h e  temperature w a s  
reduced (o r  j u s t  the temperature reduced wi th  c o n t r o l  samples) are des igna ted  
as B-samples. Differences between cadmium concent ra t ions  i n  sets of c o n t r o l  and 
r a d i a t i o n  samples a r e  included i n  a l l  t a b l e s  except  8. 
of t h e  d i f f e rences  and of t h e  ca l cu la t ed  s tandard  e r r o r s  of t h e  averages are 
a l s o  l i s t e d .  Most of t he  d a t a  i n  Table 8 could no t  be  sepa ra t ed  i n t o  compara- 
t ive  sets, and, accordingly,  t h e  averages of t h e  a n a l y t i c a l  va lues  are l i s t e d .  
The d a t a  i n  Table 9 i nd ica t ed  a s h i f t  i n  concen t r a t ion  l e v e l s  f o r  samples 
The follow-up samples of t h e  solu-  
Values f o r  t h e  average 
obtained and analyzed on d i f f e r e n t  days. Some reana lyses  of r e s e r v o i r  solu-  
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t i o n s  from these  and previous experiments were c a r r i e d  out i n  search  of an 
explana t ion  f o r  t h i s  s h i f t .  The results, presented  i n  Table 10, showed t h a t  
t he  actual concent ra t ion  levels i n  t h e  r e s e r v o i r  s o l u t i o n s  d i d  n o t  change 
s i g n i f i c a n t l y .  Considerations of t h i s  and of t h e  n a t u r e  of t h e  ana lyses  l e d  
us t o  b e l i e v e  t h a t  t h e  s h i f t  r e s u l t e d  from a change i n  t h e  c a l i b r a t i o n  of t h e  
polarograph on 4/6/66. Some of t h e  smaller s h i f t s  i n  concent ra t ion  levels 
observed wi th  o the r  test conditions may have t h e  same explana t ion ,  e.g., 
Table 11. 
* 
Table 15 conta ins  a summary of t h e  averages of concent ra t ion  d i f f e r e n c e s  
between r a d i a t i o n  and c o n t r o l  samples. Calculated va lues  f o r  s t anda rd  e r r o r s  
and f o r  e r r o r s  a t  t h e  80% confidence l i m i t  are a l s o  l i s t e d .  Addi t iona l  e r r o r  
c a l c u l a t i o n s  w e r e  made i n  which it w a s  assumed t h e  r e s u l t s  obtained wi th  0.02 M 
CdSO 
though they w e r e  exposed under t h e  same condi t ions .  
t h e  r e s u l t s  obtained wi th  0.02 M CdS04 a t  75 vamps were a l s o  included. 
mary of t h e  r e s u l t s  of t hese  a d d i t i o n a l  e r r o r  ana lyses  is  given i n  Table 16. 
s o l u t i o n s  a t  100 vamps and a t  both 77 and 12OoC could be  t r e a t e d  as 4 
I n  f u r t h e r  e r r o r  ana lyses ,  
A sum- 
Table 1 7  shows va lues  f o r  t h e  average of d i f f e r e n c e s  between A- and B- 
type  c o n t r o l  samples ( t h a t  is ,  of d i f f e r e n c e s  between samples obtained i n  a 
g iven  experiment) and t h e  r e s u l t s  of e r r o r  ana lyses  f o r  t h e s e  values.  
8.1.2 Discussion of Treatment of Data 
The exposure and sampling procedures and condi t ions  f o r  t h e  A-type con- 
t r o l  samples were e s s e n t i a l l y  t h e  same, except f o r  t h e  absence of r a d i a t i o n ,  
as those  f o r  A-type r a d i a t i o n  samples. Accordingly, any sys temat ic  e f f e c t s  on 
Cd concent ra t ions  i n  a r a d i a t i o n  sample, f o r  example, vapor i za t ion  from o r  con- 
*An e r r o r  i n  c a l i b r a t i o n  of t h e  polarograph would not  apprec iab ly  a f f e c t  d i f -  
f e r ences  between r a d i a t i o n  and c o n t r o l  samples which w e r e  analyzed using t h e  
given c a l i b r a t i o n  s i n c e  the  same e r r o r  e x i s t e d  f o r  each sample. 
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densat ion i n t o  the  sample d r o p l e t ,  were balanced by those  i n  the  accompanying 
c o n t r o l  experiment. S ign i f i can t  d i f f e rences  between concent ra t ions  can, there-  
f o r e ,  be a sc r ibed  t o  e f f e c t s  of i r r a d i a t i o n .  
and r a d i a t i o n  s a m p l e s  were e s s e n t i a l l y  t h e  same except f o r  t h e  presence o r  
absence of r ad ia t ions  during t h e  exposure of t he  preceding A-sample and during 
t h e  few min required t o  d i sp l ace  the  A-sample. 
fe rence  i n  Cd concentrat ion between a set of r a d i a t i o n  and c o n t r o l  samples can 
b e  ascr ibed  t o  an e f f e c t  of i r r a d i a t i o n .  
S imi la r ly ,  t h e  B-type c o n t r o l  
Again, any s i g n i f i c a n t  d i f -  
As s t a t e d  above, t h e  repor ted  e r r o r s  f o r  ga in  o r  l o s s  of cadmium shown by 
A- and B-samples were based, where poss ib l e ,  on cons idera t ion  of t h e  d i f f e r e n c e  
between sets of r ad ia t ion  and con t ro l  experiments. With t h i s  approach, scat ter  
r e s u l t i n g  from replenishment o r  replacement of t h e  r e s e r v o i r  s o l u t i o n  wi th  
f r e s h  s tock  o r  from day t o  day s h i f t s  i n  repor ted  concent ra t ion  l e v e l s  were 
n o t  included i n  the ca l cu la t ed  e r r o r .  
The repor ted  s tandard e r r o r s  were ca l cu la t ed  using t h e  equat ion,  
S . E .  = h ( x  - x>*/n(n-l> , 
where x - x is  t h e  d i f f e rence  between an experimental  va lue  and t h e  average 
value,  and n i s  the  number of d a t a  po in t s .  The confidence l i m i t s  were c a l c u l a t -  
ed by mul t ip ly ing  the s tandard  e r r o r  by the  t -value appropr i a t e  t o  t h e  number 
of d a t a  po in t s  and t o  t h e  percentage confidence l i m i t  of i n t e r e s t .  
The procedures f o r  c o l l e c t i n g  A- and B-type samples d i f f e r e d  wi th  r e spec t  
t o  the  condi t ions  maintained during d rop le t  formation. The d r o p l e t  f o r  an A- 
type sample  w a s  formed while  t h e  c o l l e c t i o n  chamber w a s  p re s su r i zed  wi th  H e .  
That f o r  the  B-type w a s  formed while  t h e  chamber contained a i r  a t  atmospheric 
pressure .  I n  o t h e r  respects, however, the  procedures  and cond i t ions  were 
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comparable. I n  t h e  case of t he  cont ro l  experiments, comparisons between re- 
s u l t s  of t h e  A- and B-samples (Table 17) provide information on t h e  combined 
e f f e c t s  of e leva ted  temperatures on Cd sorp t ion  and of t h e  maintenance of d i f -  
f e r e n t  pressure  condi t ions during d rop le t  formation. 
formation on t h e  r ep roduc ib i l i t y  of sampling and analyses.  
They a l s o  provide in- 
The t r u e  concentrat ions of Cd i n  the  r e s e r v o i r  s o l u t i o n  w e r e  not  neces- 
s a r i l y  t h e  same as those i n  t h e  droplet  a t  t h e  t i m e  of sampling even though no 
change i n  concentrat ion occurred during passage from t h e  r e s e r v o i r  t o  t h e  drop- 
let. This is  because some evaporation from o r  condensation i n t o  t h e  d rop le t  
may have taken p lace  while i t  w a s  i n  t h e  chamber. Also, t h e  r ep roduc ib i l i t y  
of t h e  r e s e r v o i r  samples was n o t  necessa r i ly  r ep resen ta t ive  of those  of A o r  B 
-- = a m p l e ~  sinre t h e  sampling procedures d i f f e red .  S p e c i f i c a l l y ,  with t h e  
r e s e r v o i r  samples a s m a l l  volume of so lu t ion  w a s  placed i n  a 10 m l  volumetric 
f l a s k  from which 10 A samples were withdrawn a t  a later t i m e .  
of t h e  p ipe t  may have been contaminated with Cd over an appreciable  length  
The ou t s ide  
when i t  w a s  i n s e r t e d  i n t o  a f l a sk ,  and f a i l u r e  t o  remove a l l  traces of con- 
tamination before  t r a n s f e r  of the 10 A sample i n t o  the  f i n a l  sample f l a s k  
would have a f f ec t ed  t h e  r e s u l t s .  Also, so rp t ion  on the  g l a s s  f l a s k  from t h e  
high pH so lu t ions  may have a f fec ted  t h e  concentration. For t h e  A and B 
samples, t h e  ou t s ide  of t h e  p ipe t  w a s  contaminated only over a very s h o r t  
l ength  near  the  t i p ,  and, hence, t h e  chances w e r e  very s m a l l  t h a t  t h i s  con- 
taminat ion w a s  not  quan t i t a t ive ly  removed during washing p r i o r  t o  t r a n s f e r r i n g  
t h e  sample i n t o  the  sample  f l a s k .  I n  e f f e c t ,  then,  t h e  r e s u l t s  of analyses  of 
r e s e r v o i r  so lu t ions  were used only t o  detect appreciable  changes i n  t h e  concen- 
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t r a t i o n  of t h e  r e se rvo i r  s o l u t i o n  and/or changes i n  the  c a l i b r a t i o n  of t h e  ana- 
l y t i c a l  equipment. 
8 .2  I n i t i a l  Experiments 
The d a t a  f o r  t hese  experiments are l i s t e d  i n  Tables 18 and 19. The de- 
s igna t ions  employed f o r  samples of a given type are t h e  same as those  descr ibed 
above. The d a t a  were n o t  separa ted  i n t o  comparative sets because they w e r e  
e i t h e r  t oo  few o r  t he  scatter w a s  t oo  g r e a t  t o  j u s t i f y  t h i s  approach. 
For t h e  5 min exposures,  t h e  d i f f e rence  between t h e  average amounts of Cd 
i n  t h e  A-type con t ro l  and r a d i a t i o n  samples w a s  1.2 pg 5 2.0 pg s t anda rd  e r r o r .  
Thus, w i th in  t h e  s tandard e r r o r  (5 3%) no loss of Cd r e s u l t i n g  from i r r a d i a t i o n  
w a s  detected.  The few d a t a  obtained with the  B-type samples d i d  n o t  con t r ibu te  
any a d d i t i o n a l  information. 
The 50 min-exposure d a t a  were too  few and t o o  s c a t t e r e d  t o  permit  f r u i t f u l  
comparisons between r e s u l t s  of c o n t r o l  and i r r a d i a t i o n  experiments. 
With r e spec t  t o  the  poss ib l e  occurrence of a d i f f e r e n c e  between t h e  amounts 
of Cd l o s t  during 5- and 50-min exposures,  i t  can be seen t h a t  t h e  d i f f e r e n c e  
between t h e  averages of A-type r a d i a t i o n  samples f o r  t h e  two t i m e s  was 2.2 vg 
whi le  t h e  s tandard  e r r o r s  were 2 0.5 and 5 0.6 1-18. 
i n  t h e  r e s e r v o i r  so lu t ions  d i d  no t  d i f f e r  s i g n i f i c a n t l y  f o r  t h e  d i f f e ren t - t ime  
experiments so  t h a t ,  p r i o r  t o  i r r a d i a t i o n ,  the  concen t r a t ion  of Cd i n  t h e  A-type 
samples presumably d i d  not  d i f f e r  e i t h e r .  Accordingly, i f  i t  i s  f u r t h e r  presum- 
ed t h a t  t he  concentrat ion d i f f e rences  d id  n o t  r e s u l t  from random d i f f e r e n c e s  i n  
experimental  procedures (Sec. 7.1.2), t hese  d a t a  i n d i c a t e  t h a t  Cd l o s s  was 
g r e a t e s t  a t  t h e  longer time. 
The concent ra t ions  of Cd 
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9 Resul t s  and Discussion of S t a b i l i t y  Experiments Employing pH Measurements 
The r e s u l t s  of t h e  pH measurements are l i s t e d  i n  Table 20. The pH values 
of t h e  i r r a d i a t e d  samples were d e f i n i t e l y  less than those  of t h e  i n i t i a l  solu- 
t i o n  and of t h e  c o n t r o l  
* 
experiments. 
It can be assumed t h a t  t h e  reductions i n  pH r e s u l t e d  from t h e  formation of 
0 reduced spec ie s  ( f o r  example C d  ), and estimates were made of t h e  amounts of 
reduced spec ie s  requi red  t o  produce t h e  observed pH values. 
such estimates depend s t rong ly  upon assumptions regarding t h e  e f f e c t i v e  concen- 
t r a t i o n s  of SO4 
The r e s u l t s  of 
= 
i n  t h e  so lu t ion .  This is  because of t h e  equi l ibr ium,  
= 
HSO; SO4 + H', K = 0.0103 a t  25OC. 
- 
I f  i t  is  assumed t h a t  t h e  e f f e c t i v e  concent ra t ion  of SO i s  approximately t h a t  
of CdSO,, t h e  observed reduct ions  i n  pH would be  explained by reduct ion  of 0.8 
t o  1.5% of t h e  Cd+2 t o  Cdo. 
pH of 0.067 M Cd!304 s o l u t i o n s  t o  which s m a l l  amounts of H2S04 were added i n d i c a t -  
ed t h a t  only a s m a l l  p a r t  ( ~ 1 0 % )  of t h e  CdS04 w a s  t ak ing  p a r t  i n  t h e  above re- 
ac t ion .  If t h i s  w e r e  t h e  case i n  f a c t ,  then t h e  reduct ions  i n  pH could be ac- 
+2 counted f o r  by reduct ion  of 0.2 t o  0.3% of t h e  Cd 
4 
-t 
However, t h e  r e s u l t s  of our  measurements of t h e  
. 
It w a s  concluded t h a t  t hese  measurements i nd ica t ed  t h a t  a reduct ion  of 
CdS04 occurred and t h a t  t he  f r a c t i o n  reduced w a s  0.2 t o  1.5% of t h e  amount in- 
i t i a l l y  present .  
10 Resul t s  of Examination of Cell-4 
Visua l  examination of t h e  Zircaloy-2 test tube revealed t h a t  t he  i n t e r i o r  
*As mentioned previous ly  the  cont ro ls  were he ld  i n  t h e  cel l  a t  low temperature 
f o r  a s h o r t  per iod of t i m e .  
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su r faces  were clean and b r i g h t  as expected f o r  chemically pol i shed  sur faces .  
There were no apparent d i f f e rences  between su r faces  exposed and unexposed t o  
r ad ia t ion .  
No cadmium was de tec ted  i n  t h e  2M H C 1  s o l u t i o n s  used t o  leach  the  f i l t e r  
and s e c t i o n s  of  the lmexposed and exposed ttibing. Each s u r f a c e  w a s  f iushed  
wi th  water p r i o r  t o  leaching.  T i m e  of contac t  wi th  t h e  ac id  leach  w a s  10 min 
f o r  t he  Zircaloy-2 s e c t i o n s  and 3 min f o r  t h e  t i t an ium f i l t e r .  
no t  forced t h r u  the f i l t e r  during t h e  leach.  The Zircaloy-2 s u r f a c e  areas and 
l i m i t s  of Cd de tec t ion  corresponded t o  l i m i t s  of Cd d e t e c t i o n  p e r  u n i t  area of 
< 0 . 2  pg/cm2 f o r  the i r r a d i a t e d  po r t ion  of t h e  tube (3.5 c m  length)  and <0.3 
pg/cm2 on t h e  un i r r ad ia t ed  po r t ion  (2.4 cm length  from t h e  i n l e t  s i d e ) .  
11 Discussion of Resul t s  of S t a b i l i t y  Experiments 
The a c i d  w a s  
11.1 A and B Control  Samples 
a. S t a b i l i t y  of s o l u t i o n s  out-of-radiat ion 
, The r e s u l t s  of averaging and e r r o r  analyses  se t  f o r t h  i n  Table 17 show 
t h a t  f o r  0.02 M CdS04 con t ro l  experiments t h e  concent ra t ions  of Cd i n  A and B 
samples were t h e  same wi th in  t h e  d e t e c t i o n  l i m i t s .  
f e rences  are less  than the  s tandard  e r r o r s .  Resul t s  a t  77 and 1 2 O o C  are in-  
The s m a l l  average d i f -  
d i s t i ngu i shab le .  I f  s i g n i f i c a n t  amounts of Cd had been l o s t  by s o r p t i o n  from 
t h e  A-samples a t  e levated temperatures ,  e i t h e r  an equ iva len t  amount w a s  l o s t  
from t h e  follow-up samples  during the  s h o r t  t i m e  they were a t  high temperature ,  
o r  t h e  l o s s  must have been c l o s e l y  compensated by vapor i za t ion  which caused 
t h e  A-droplet t o  be concentrated,  r e l a t i v e  t o  t h e  B-droplet, by t h e  proper  
* 
amount. Both a l t e r n a t i v e s  were considered very u n l i k e l y ,  and i t  w a s  concluded 
*As s t a t e d  previous ly ,  so rp t ion  a t  room temperature  w a s  expected t o  be  below 
de tec t ion  l i m i t s ;  < 0.13 pg/cm 2 . 
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t h a t  Cd s o r p t i o n  out-of-radiat ion uas probably below d e t e c t i o n  limits of 
about 0.5 pg/cm 2 at both 77 and 120°C. 
S i m i l a r  cons idera t ions  of t he  c o n t r o l  d a t a  from f i n a l  experiments w i t h  
0.067 M CdS04 (Table 17) l ed  t o  similar conclusions.. 
b. P rec i s ion  of da ta  
Comparisjons between e r r o r  values l i s t e d  i n  Table 17 and those  f o r  A-type 
c o n t r o l  and r a d i a t i o n  samples l i s t e d  i n  Tables 15 and 16 show n e a r  agreement, 
i n  most cases, between comparable groups of data .  For example, i n  Table 1 7  
the  s tandard  e r r o r s  f o r  da t a  from Tables 9,  11, 12 and 13 are, r e spec t ive ly ,  
- + 0.6, 1.7, 1.3 and 2.2%. For A-sample d a t a  i n  Table 15, t h e  s tandard  e r r o r s  
are 2 0.5, 1.1, 1.5 and 1.4%. The comparable e r r o r  va lues  f o r  B-sample d a t a  
i n  Table 16 are somewhat g r e a t e r ; ?  1.3, 1.9, 0.7 and 2.7%. The results of 
t h e s e  comparisons snow t h a t  Like v a r i a t i a  of t Z z  differe~ce between c o n t r o l  and 
r a d i a t i o n  type  samples r e f l e c t  random e r r o r s  i n  sampling of t h e  same n a t u r e  as 
those  f o r  t h e  c o n t r o l  d a t a  i n  Table 17 .  
11.2 Loss of Cadmium During Experimental I r r a d i a t i o n s  
The A-sample d a t a  f o r  t h e  f i n a l  experiments (Table 15) show s m a l l  l o s s e s  
of cadmium during i r r a d i a t i o n  f o r  each set of experimental  condi t ions .  The 
i n d i c a t e d  occurrence of a l o s s  i s  s i g n i f i c a n t  a t  t h e  80% confidence level f o r  
d a t a  repor ted  i n  Tables 9,  11 and 12 and a t  about t h e  70% level f o r  Table 1 3  
da ta .  The s m a l l  l o s s  i nd ica t ed  by t h e  average of d a t a  i n  Table 8 cannot be  
considered s i g n i f i c a n t .  The d i f f e rence  between t h e  l o s s  i n  0.02 M CdS04 a t  120°C 
and 100 vamps (Table 11) and  t h a t  i n  0.02 M CdS04 a t  77°C and 50 vamps (Table 13) 
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is  s i g n i f i c a n t  a t  t h e  70% level.  The smaller d i f f e rences  between o t h e r  sets 
of condi t ions  are no t  s i g n i f i c a n t  ( s i g n i f i c a n t  only a t  l e v e l  of 50% o r  l e s s ) .  
Since each of t h e  s e v e r a l  groups of d a t a  from f i n a l  experiments show 
l o s s  of Cd, t h e  o v e r a l l  confidence t h a t  Cd w a s  l o s t  during i r r a d i a t i o n  i s  grea t -  
er thzn t h a t  shown by r e s u l t s  of e r r o r  ana iys i s  of an ind iv idua l  group. 
i s  demonstrated by t h e  e r r o r  analyses  shown i n  Table 16. Here, t h e  combined 
experimental  values from Tables 11 and 12 and from Tables 11, 12 and 13 show 
los ses  of Cd i n  excess of 95% confidence l i m i t s .  
This  
Our gene ra l  conclusions from the  f i n a l  experiments are t h a t  Cd w a s  l o s t  
from t h e  s o l u t i o n s  during i r r a d i a t i o n  at a l l  tes t  condi t ions.  The f r a c t i o n s  
l o s t  from a so lu t ion  of given concent ra t ion  w a s  probably g r e a t e r  a t  120' than  
a t  77 o r  60'C. The f r a c t i o n  l o s t  from 0.02 M s o l u t i o n  w a s  probably less a t  50 
vamp than a t  t h e  higher r a d i a t i o n  i n t e n s i t y ,  and i t  w a s  probably less a t  pH 2 
than a t  t h e  pH of the n e u t r a l  s a l t .  
The a c t u a l  amounts l o s t  under experimental  condi t ions  of Tables 9-13 are 
probably represented b e s t  by t h e  percentage va lues  l i s t e d  i n  column 5 of Table 
15. The value of 4.5% l o s s  f o r  t he  experimental  condi t ions  of Table 8 (0.067 
M, 12OoC, 100 pamps) i s  thought t o  be t h e  b e s t  i n d i c a t i o n  of behavior  under 
t h e s e  condi t ions .  
The r e s u l t s  of prel iminary experiments i nd ica t ed  t h a t  t h e  amount of Cd 
l o s t  during i r r a d i a t i o n  depended upon exposure t i m e  f o r  t h e  condi t ions  t e s t e d  
(0.067 M CdS04, 6OoC, 100 pamps f o r  5 and 50 min). 
11.3 Recovery of Cadmium i n  Follow-up Samples (B-Samples) 
The B-sample r e s u l t s  (Table 15) ind ica t ed  t h a t  t he  s o l u t i o n  which d isp laced  
the  r a d i a t i o n  sample was enriched i n  Cd a t  a ma jo r i ty  of t h e  experimental  condi- 
4 3  
t i o n s .  However, t h e  enrichments were less than  t h e  l o s s e s  of Cd from t h e  rad i -  
a t i o n  samples, and t h e  s tandard  e r r o r s  f o r  t h e  enrichments w e r e  gene ra l ly  
g r e a t e r .  Consequently, wi th  one exception, t h e  i n d i c a t i o n s  of enrichment are 
no t  s i g n i f i c a n t .  The i n d i c a t i o n  of enrichment by t h e  d a t a  i n  Table 11 is s ig -  
n i f i c a n t  a t  about t h e  70% level. The combined d a t a  of Tables 11 and 12 (Table 
16) show t h e  occurrence of enrichment at  t h e  80% confidence l i m i t .  
The gene ra l  conclusion i s  t h a t  t h e  major i ty  of t h e  Cd l o s t  during i r r a d i -  
a t i o n  d id  n o t  r ed i s so lve  during t h e  per iod  between s topping  of i r r a d i a t i o n  and 
expuls ion  of t h e  follow-up sample. 
* 
Presumably, i t  w a s  d i sso lved  during t h e  
HNO a c i d  f l u s h  which preceded each experiment. 
11.4 
3 
Speculations Regarding Mechanism of Observed Radiat ion E f f e c t s  and 
of Radiat ion E f f e c t s  i n  t h e  TWMR 
The r e s u l t s  of tnese e x p e r h a t s  s f i c ~ e d  thst e l e t t m n  l r r a d i a t i o n  of 0.067 
and 0.02 M CdS04 s o l u t i o n s  (pH of t h e  n e u t r a l  sa l t )  produces l o s s  of cadmium 
from t h e  so lu t ions .  The d a t a  ind ica t ed  t h a t  only small f r a c t i o n s  of t h e  sepa- 
r a t e d  material are r e a d i l y  so luble  i n  t h e  CdSO 
t h a t  t h e  amount of Cd l o s t  increases  with i r r a d i a t i o n  t i m e .  These r e s u l t s  to -  
so lu t ions .  They a l s o  i n d i c a t e d  4 
g e t h e r  wi th  t h e o r e t i c a l  cons idera t ions  discussed i n  Sec. 2.2 suggest a p i c t u r e  
of r a d i o l y s i s  descr ibed by Eqs. a-c. 
*Mixing of f r e s h  s o l u t i o n  wi th  t h e  sample during displacement d i d  not occur 
t o  t h e  e x t e n t  necessary t o  explain t h e  low Cd recovery. This w a s  shown i n  
an experiment i n  which a dyed so lu t ion  w a s  used t o  d i s p l a c e  water wi th in  a 
g l a s s  mock-up of t h e  ce l l  (without f i l t e r ) .  The d i f f u s e  f r o n t  of t h e  dyed 
s o l u t i o n  w a s  always near  t he  pos i t i on  ca l cu la t ed  from t h e  p i s t o n  displacement, 
and t h i s  i n d i c a t e d  t h a t  mixing and channeling were n e g l i g i b l e .  
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1 +2 d(Cd = - Kf + Ks(Cdz) + K (Cdo) 
d t  w w  
0 
S 
In these  equat ions,  Cd i s  t h e  material which sepa ra t e s  from the  s o l u t i o n .  
+2 This material d i sso lves  t o  reform Cd (Eq. ( c ) )  bu t  i t  a l s o  changes i n t o  a 
form, Cdw, which is less so lub le  (Eq.  ( b ) ) .  
agglomeration i n t o  l a r g e r  p a r t i c l e s  o r  of depos i t ion  on s o l i d  su r faces .  
rate of formation of Cdz is  represented by K 
a t i o n s  t h i s  ra te  is probably cons tan t  a f t e r  a few sec i r r a d i a t i o n  i f  t h e  solu-  
t i o n  composition remains approximately cons tan t .  
0 This  change might c o n s i s t  of 
The 
and from t h e o r e t i c a l  consider- 
€ '  
1 
It can be  seen t h a t  f o r  c e r t a i n  s e l e c t e d  va lues  of K f ,  Ks and Kw, Kw, 
0 
S 
t h e  concentrat ions of Cd 
of Cd+2 continued t o  decrease t h r u  formation of r e l a t i v e l y  i n s o l u b l e  Cd,. 
Accordingly, t h e  lo s s  of Cd might be n e g l i g i b l e  during s h o r t  exposures b u t  
apprec iab le  during longer  ones. 
would be  low and approximately cons tan t  whi le  t h a t  
0 
Assuming t h a t  t h i s  p i c t u r e  of r a d i o l y s i s  of CdS04 s o l u t i o n s  i n  t h e  ex- 
periments is  v a l i d ,  w e  expect t h a t  t h e  same s o l u t i o n s  w i l l  s u f f e r  more, less, 
o r  t h e  same degree of s o l i d  formation i n  t h e  TWMR a t  comparable r a d i a t i o n  
t i m e s  depending upon t h e  va lues  of K 
experimental  work. 
r a d i a t i o n s  (Sec. 2.2.2) and t h e  k i n e t i c  behavior  would be  a f f e c t e d  t o  some ex- 
t e n t  by c i r c u l a t i o n  of s o l u t i o n  ou t s ide  the  co re ,  t h e  l a r g e s t  d i f f e r e n c e  i n  
behavior  may r e s u l t  from e f f e c t s  of a g i t a t i o n  and from d i f f e r e n c e s  between 
su r face  area t o  volume r a t i o s .  Agi ta t ion  of s o l u t i o n  i n  t h e  r e a c t o r  would 
probably a f f e c t  t he  r a t e  of agglomeration o r  of depos i t i on  on a s u r f a c e ,  Kw, 
1 
f '  W K s ,  Kw and K r e l a t i v e  t o  those  i n  t h i s  
While Kf would probably be somewhat lower i n  r e a c t o r  ir- 
I and a l s o  the  ra te  of d i s s o l u t i o n  of t h i s  material, Kw. 
separa ted  material on su r faces  i s  impor tan t ,  t h e  r e l a t i v e l y  low s u r f a c e  area 
t o  Volume r a t i o  i n  the  r eac to r  may a f f e c t  the  s t a b i l i t y  behavior  r e l a t i v e  t o  
I f  depos i t i on  of 
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1 t h a t  i n  the  experiments; again thru  e f f e c t s  on K and Kw. 
W 
Addit ional  experimental  work des igned  t o  determine e f f e c t s  of a g i t a t i o n  
and of s u r f a c e  area t o  volume r a t i o  on r a d i a t i o n  s t a b i l i t y  would be requi red  
t o  more c lose ly  p r e d i c t  actual behavior,  
12 S t a t u s  of Dynamic System 
The design of t h e  dynamic experiment along with r e s u l t s  of component test- 
Some a d d i t i o n a l  experimental  work w a s  i ng  f o r  t h e  design have been reported.22 
done t o  e s t a b l i s h  the  f e a s i b i l i t y  of cons t ruc t ing  t h e  end cap wi th  tubing brazed 
i n  place.  Deta i led  design 
drawings w e r e  a l s o  included i n  t h i s  monthly repor t .  
This  w a s  repor ted  i n  t h e  Monthly Report f o r  @ril.23 
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Table 8 
Resul ts  of Tests  of S t a b i l i t y  of 0.06 7 M CdS04 a t  120°C and 100 vamps 
(150 w / c c )  
( C e l l  1) 
Amount of Cd i n  1OX of Solu t ion  (pg) 
Control Radiat ion Reservoir  
Sample d 
Date No. a 
Ab BC Ab BC 
3/11 
3/13 
3/15 
319 146-147 
148 
149 
150-151 
15 1 A  
152 
15 3-154 
154A-15 5 
156 
15 7 
159-160 
16 1 
162 
16 3 
165- 16 6 
168 
1 7 1  
1 7 1 A  
Average 
Standard e r r o r  of average 
- 
59.6 
59.4 
- 
59.3 
59.1 
- 
- 
59.0 
60.2 
62.4 
61.9 
- 
- 
60.8 
- 
61.8 
60.1 
+ 0.4 - 
a. Exposure time f o r  r a d i a t i o n  and c o n t r o l  experiments was 30 min. 
b. Sample of i r r a d i a t e d  o r  c o n t r o l  so lu t ion .  
c. Sample of so lu t ion  i n  c e l l  a t  t i m e  i r r a d i a t i o n  o r  c o n t r o l  w a s  ter- 
d. 
minated. 
Sample of r e se rvo i r  s o l u t i o n  c o l l e c t e d  i n  S and then  placed i n  f l a s k  
from which 1OX samples were withdrawn a t  a l a t e r  t i m e .  
e x i s t s  for t h i s  omission. 
e Sample No. 153 was omitted from the  average. A s t a t i s t i c a l  b a s i s  
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Table 9 
Results of T e s t s  of S t a b i l i t y  of 0.067 M CdSO at  60" and 100 vamps 4 
(150 w / c c )  
( C e l l  2) 
Amount of Cd i n  1 O A  of Solut ion (vg) Radiation Values 
Control Radiation Reservoir Values 
d Less Control 
A B 
Sample 
Date 
(IJd 10h) (lid 10A) a Ab BC Ab BC No. 
2.0 - - - 0.7 4/5 179-180 59.4 59.6 - 
181-182 - - 58.7 61.6 - 
183A - - 61.3 
183B - - - - 60.7 
184A - - - 60.3 
4/6 185-186 56.3 55.3 - - - 
- 1.5 0.1 1 8 8 A  - - - - 55.4 
188B 56.8 
189-190 - - 54.8 55.4 - 
191-192 - - 56.2 55.5 - 
- 57.3 194A 
194B - - - - 56.7 
- - - 
- 0.4 - 0.7 
195-196 56.6 56.2 - - - 
Average - 0.87 0.47 
- + 0.33 SE +.80SE 
a. 
b. 
c. 
d. 
Exposure t i m e  f o r  cont ro l  and r ad ia t ion  experiments w a s  30 min. 
Sample of i r r a d i a t e d  o r  control  so lu t ion .  
Sample of so lu t ion  i n  cel l  a t  t i m e  i r r a d i a t i o n  o r  cont ro l  w a s  terminated. 
Sample of r e se rvo i r  so lu t ion  co l lec ted  i n  S and then placed i n  f l a s k  from 
which 10A samples were withdrawn a t  a l a t e r  t i m e .  
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Table 10 
Resul t s  of I n i t i a l  Analyses and Reanalyses of Reservoir 
So l u  t ions  
Sample N o .  I n i t i a l  Analysis Reanalysisb * 
Sample [Cd] Sample [Cdl and Datea 
( P R / l O X )  No. (pgI1OA) f No. 
168' 3/15 16 8 60.8 16 8-5 63.2 
168-6 63.3 
171AC 3/15 171A 61.8 - - 
187d 416 - - 187-1 62.5 
187-2 61.2 
188d 416 1 8 8 A  55.4 188-7 69.6 
1 8 8 - B  56.8 188-8 61.4 
193e 416 - - 193-1 61.1 
19 3-2 62.3 
194e 416 194A 57.3 
194B 56.7 
a. Large sample c o l l e c t e d  i n  10 ml f l a s k .  
b. A l l  samples analyzed on 4/21/66 
c. Samples 168 and 171A were taken, r e s p e c t i v e l y ,  p r i o r  t o  and follow- 
d. Samples 187 and 188 were dupl ica tes .  
e .  Samples 193 and 194 were dupl ica tes .  
f .  1 O X  sample taken from l a r g e  sample. 
i n g  r ad ia t ion  experiment 171. They are considered t o  be d u p l i c a t e s .  
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Table 11. Results of Tes t s  of S t a b i l i t y  of 0.02 M CdS04 at  
120°C and 100 vamps (150 w/cc) 
Amount of Cd i n  1 O X  of Solut ion (p& Radiation Values 
d Less  Control 
Date C e l l  Sample Control Radiation Reservoir a V a l u e s  
A B No 9 No. 
(llg/lOX) (I.rg/lOA) Ab BC Ab BC 
4/7 2 197-198 
199-200 
201A 
201B 
201c 
4/26 1 206-207 
208-1 
208-2 
-An--* n 
LV7 LLV 
211-1 
211-2 
-- - 1.1 1.0 -- 
19.2 
16.8 
16.9 
-- 
19.1 
19.2 
- 0*7  0.3 
19.8 
19.0 
Av . - 0.9 0.6 
- + 0.2 SE 5 0.4 SE 
a. 
b. 
c. 
d. 
Exposure t i m e  for cont ro l  and i r r a d i a t i o n  experiments w a s  30 min. 
Sample of i r r a d i a t e d  or  control  so lu t ion .  
Sample of so lu t ion  i n  cel l  a t  t i m e  i r r a d i a t i o n  o r  con t ro l  w a s  terminated. 
Sample of reservoi r  so lu t ion  col lected i n  S and then placed i n  f l a s k  from 
which 10h samples were withdrawn a t  a later t i m e .  
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Table 12. Resul ts  of Tests of S t a b i l i t y  of 0.02 M CdS04 a t  
77OC and 100 vamps (150 w/cc) 
Amount of Cd in 1 O X  of Solu t ion  (pp) Radiat ion Values 
Control Radiat ion d Less Control Values Reservoir 
S amp l e  Date 
a 
No. Ab BC Ab BC A B 
(F(gI10X) (LoZ /lOA) 
212-213 17.9 17.9 -- -- -- 
214-1 
214-2 
215-216 -- -- 16.8 17.9 
514 
-- 17.7 
-- 1 7 . 8  
-- -- -- 
-- -- -- - 1.1 
0 
515 217-218 17.7 17.9 -- -- 
220-1 
220-2 
221-222 -- -- 17.5 17.9 
223-224 -- -- 18.0 18.3 
-- -- -- -- 
-- -- -- -- 
-- -_ -- -- 226-1 
226-2 
227-228 18.5 17.9 -- -- 
-- -_ -- -- 
17.7 
17.5 
18 .3  
17.7 
- 0.2 
- 0.5 
0 
0.4 
Av . - 0.6 0 .1  
+ 0 .3  SE 5 0.1  SE -
a. Exposure t i m e  f o r  con t ro l  and r a d i a t i o n  experiments w a s  30 min. 
b. Sample of i r r a d i a t e d  o r  c o n t r o l  so lu t ion .  
c .  
d. 
Sample of s o l u t i o n  in c e l l  a t  t i m e  i r r a d i a t i o n  o r  c o n t r o l  w a s  terminated.  
Sample of r e se rvo i r  so lu t ion  co l l ec t ed  i n  S and then p laced  i n  f l a s k  from 
which 1 O X  samples  were withdrawn a t  a later t i m e .  
5 1  
Table 13. Resul t s  of T e s t s  of S t a b i l i t y  of 0.02 M CdS04 a t  
77°C and 50 vamps (75 w/cc) ( C e l l  4) 
Amount of Cd i n  1OX of Solu t ion  ( ~ g )  Radiat ion V a l u e s  
Sample d Less Control  D a t e  Cont r o  1 Radi a t  i on R e s  e n o  i r Values 
Ab BC Ab BC A B a No. 
5/11 250-1 
250-2 
251-252 
253-1 
253-2 
254-255 
18.1 
17.8 
-- 
- 0.4 0.2 18.2 
18.4 
5/23 258-1 
258-2 
259-260 
261-1 
261-2 
262-263 
17.6 
18.0 
17.6 
17.6 
- 0.8 - 1.4 -- 
17.2 16.8 -- 
5/25 267-1 
26 7-2 
26 8-26 9 
270-1 
2 70-2 
271-272 
17.6 
17.5 
17.8 -- 
-- -- 
+ 0.1 0 17.5 
17.6 
17.7 -- 
Av. - 0.4 - 0.4 
+ 0.3 SE 5 0.5 SE -
a. Exposure t i m e  f o r  con t ro l  and r a d i a t i o n  experiments w a s  30 min. 
b. 
c. Sample of s o l u t i o n  i n  c e l l  a t  t i m e  i r r a d i a t i o n  o r  c o n t r o l  w a s  terminated. 
d. Sample of r e s e r v o i r  so lu t ion  co l l ec t ed  i n  S and then placed i n  f l a s k  from 
which 1OX samples w e r e  withdrawn a t  a la ter  t i m e .  
Sample of i r r a d i a t e d  o r  con t ro l  s o l u t i o n .  
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Table 1 4 .  Resul ts  of Tests of S t a b i l i t y  of q.02 M CdS04, pH-2, 
a t  7 7 O C  and 100 vamps (75 w/cc) ( C e l l  4) - 
Amount of Cd i n  10A of Solu t ion  (pg) Radiat ion Values 
Control 
d L e s s  Control  
Values Radiation Reservoir 
Sample Date 
a 
No. Ab BC Ab Bc A E 
5 /31  285-1 -- -- -- -- 17.8 
285-2 -- -- -- -- 17.8 
286-287 1 7 . 8  17.6 -- -- -- 
288-1 -- 
288-2 -- 
289-290 -- -- 17.6 18.4 -- 
-- -- 17.6 
-- -- 17.5  
-- 
-- - 0.2 0.8 
a. 
b. Sample of i r r a d i a t e d  o r  c o n t r o l  so lu t ion .  
c. 
d. 
Exposure t i m e  f o r  c o n t r o l  and r a d i a t i o n  experiments w a s  30 min. 
Sample of so lu t ion  i n  ce l l  a t  t i m e  i r r a d i a t i o n  o r  c o n t r o l  w a s  terminated. 
Sample of r e se rvo i r  s o l u t i o n  co l l ec t ed  i n  S and then  p laced  i n  f l a s k  
from which 10A samples were withdrawn a t  a la ter  t i m e .  
. 
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Table 18 
Results of I n i t i a l  Tests of S t a b i l i t y  of a067 M a S 0 4  a t  60°C and 
100 vamp (150 w/cc) for 5 min. 
(Cell 1) 
Date 
Sample 
No. 
Amount of ~d in 10). of Solution-hd 
d Con t r o 1. Badiat ion Reservoir 
Aa Bb Aa Bb 
2/23 
Average 
2/ 18 114 
115 
116 
1 1 7  
118 
11811 
119 
120-121 
122-123 
124 
125 
126-127 
Standard Error of 
hve rage 
67.7 - 
63.5 
62.0 
61.1 63.8 
63.6 
63.8 62.6 
64.2 63.2  63 .0  
- 
8.19 m g / m l c  
8.17 rng/mlc 
61.7 
62 .4  
66.3 
61.8 
61.8  
- 61.9 
- + 0 . 2  - 
a. Sample of i r rad ia ted  or  control solution. 
b. 
c. 
Samplc of solution i n  c e l l  a t  t ine  irruciiution o r  control  was terminated. 
A large volume of so lu t ion  was submitted f o r  analyais .  
t o  r e l a t e  the results of these nnalyws t o  those f o r  t he  10A samples. 
These r e su l t s  not included i n  avci-age. 
We were not able 
d. Sample of reservoir solution collectad i n  S and then placed i n  flask 
' from which 1OA samples were withdrawn a t  a la ter  time. 
b 
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Table  19 
Results of In i t i a l  Tests of S t a b i l i t y  of0.067M CdS04 a t  6OoC 
and 100 vamp (150 w/cc> f o r  
50-min . 
( C e l l  1) 
Amount of Cd i n  1 O X  of Solution (vn) 
Date Sample 
No. 
Control Radiation Reservoir‘ 
Aa Bb A” Bb 
2/25 130 67.5 - 
131 
132 
133-134 
135 
136 
137-138 
62.3 
62.6 
61.3 67.2 
62.6 
61.0 
60.3 63.4 62.1 
- - 60+8 65.3 62.1 n v r  L U& r 
Standard e r r o r  of average - - - f 0.6 5 1.9 - + 0.4 
..- _ _ _ _ _ _  
a. 
b. 
Sample of i r r ad ia t ed  or control solution. 
Sample of so lu t ion  in cell a t  t i m e  i r r ad ia t ion  o r  control  w a s  
terminated. 
Sample of reservoir  solution col lected i n  S and then placed in 
f l a sk  from which 10A samples were withdrawn a t  a later t i m e .  
c. 
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Table 20. Resul t s  of pH Measurements on I r r a d i a t e d  Samplesa 
e Sample No. Descr ipt ion of Sample PHb 
139-1 
139-2 
139-3 * 
139-4 
140-1 
140-2 
140-3 
140-4 
Control p r i o r  t o  i r r a d i a t i o n  
Control p r i o r  t o  i r r a d i a t i o n  
I r r a d i a t i o n  sample 
Solu t ion  i n  ce l l  when i r r a d i a t i o n  
w a s  terminated 
Control p r i o r  t o  i r r a d i a t i o n  
Control p r i o r  t o  i r r a d i a t i o n  
I r r a d i a t i o n  sample 
Solut ion i n  c e l l  when i r r a d i a t i o n  
w a s  terminated 
d 
d 
4.06 
- 
- 
4.96 
5.01 
4.96 
4.30 
4.83 
a. 0.067 M CdS04 i r r a d i a t e d  f o r  10 min a t  60°C. 
b. pH of r e se rvo i r  s o l u t i o n  was 4.81. 
c. Droplet  s i z e  - 22h. 
d. No pH reading obtained. 
e. Date of measurement, 3/1/66. 
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b c  
OWL DYG. 66-2625 
&+a- (? 1 
R 
T 
L 
Vent 
V e n t  R - fbservoir 
P - Piston 
S - Saple Collection Chamber 
F - Stainless Steel Connector 
a - Indicates connections betuE%n 
stainless steel and 
ii rca ioy-i  i u b i  iy. 
b - Indicates titanim filter. 
c - Indicates connections betwen 
stainless steel and Zircaloy-2 
tubing. 
60 
Fig. 2. Static Irradiation Assembly 
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Stainless Steel 
Coolant Lead 
Zircaloy-2 Tubing 
Fig. 3.  Static Cell-Jacket Assembly. 
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Part 
!!%L 
1 
2.  
3 
L 
5 
6 
7 
8 
9 
10 
11 
u 
13 
Part nmtcri.1 
m -
Test tub. zirca1oy-2 
c o o l i r . ~  jacket S t ~ i n l e s s  Steel 
Solution i n l e t -  Staialcms Steel 
outlet 
Shield p l a t a  Brua 
o m  LUG. 66-ll73. 26 m i l  I .D.; 40 m i l  O . D .  CubiIU. Coil di-tcr of 1 1 2 4 0 .  
Lanpth of irradiated portion. 1.6411. 
Test tube is mounted much that poor 
t h r n a l  conf.ct exists w i t h  mountin8 
Or s h i e l d  plates. 
62 .I1 O . D . ;  54 mil I.D. tubini .  
6 mil l . D . ;  60 m i l  O.D. Sealed to 
test tube with epoxy cewnt .  
S i n .  d i m .  I 118-in. thick spaced 
80 that i t  c lears  test c o i l .  U O h  
is 111-in. d i m .  
b2 m i 1  O.D.; 5 4  m i l  I.D. tubin#. 
0-
i 
orNJ d d ,  
$'deep 
3116-ln. 0.1). 
4-112-in. d i m  x 114-in. thick. 
Joinrs between l irca loy-2  and S.S. 
scaled  w i t h  epoyr cement, other. 
rilrcr moldered. 
9 m l l  t h i c k .  
144- 
r Q t 2 5 1  
cemL zrm @ rl 
' U  
Fig. 4 .  Static Irradiation C e l l .  
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ORNL WG. 66-2626 
A -  I" 
B - 318" Hex. 
C - 5/16" Hex. 
D - 0.060" 0.0. x 0,006 1.0, 
E - 0,040" 0.0. x 0.028 1.D. 
Fig. 5. J o i n t  Between Zircaloy-2 and S t a i n l e s s  S t e e l  Tubing. 
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*r 
t 
1 
Fig. 6. Static C e l l  Mounted for Irradiation. 
I 
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O R n  DUG. 66-6950 
F i g .  7. Mounting Arrangement for Cell-4. 
T O P  VIEW 
-16 PARKEKTUBE FITTING CAP 
\? 
66 
ORNL IXJG. 66-1175 
ALL MATERIALS TITANIUM 
EXCEPT EL€CTROD€, O?PlLf4Z) /  
W O  Ga.SKEirS 
Fig. 8. Sample Collection Chamber. 
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Appendix I 
Methods and Information f o r  Estimations of Uniformitv of Dose Across Thickness 
of C e l l  
1.1 Range of 2 Mev Elec t rons  
Values f o r  ranges of 2 Mev e lec t rons  i n  s e v e r a l  materials are set f o r t h  
i n  Table I-l= 
8 N e l m s  . 
These were taken o r  es t imated  from informat ion  r epor t ed  by 
1.2 E lec t ron  Energy Deposi t ion vs. Frac t ion  of Range 
Rela t ionships  between t h e  f r a c t i o n  of t h e  energy absorbed from an  e l e c t r o n  
beam and t h e  f r a c t i o n  of t h e  range t r a v e r s e d  i n  t h e  absorber  are shown i n  Fig. 
1.1. 
i z a t i o n  dens i ty  vs. depth i n  absorber. The r e l a t i o n s h i p s  f o r  s t a i n l e s s  
Those f o r  A l ,  H 0 and Au were deduced from repor ted  information on ion- 2 
steel and Z r  were es t imated  assuming (1) t h a t  t h e  d i f f e r e n c e  between t h e  illus- 
t r a t e d  r e l a t i o n s h i p s  f o r  A l  and Au r e s u l t s  from t h e  s t rong  scattering of e- 
l e c t r o n s  by Au, and (2) t h a t  t h e  f r a c t i o n  Fx of t h e  energy absorbed i n  stain- 
less steel o r  Z r  a t  a piven f r a c t i o n  of t h e  range can be es t imated  rouahly by, 
S 
where F 
given f r a c t i o n  of t h e  range, and Sx and S 
which are backsca t t e red  from s t a i n l e s s  steel o r  Z r  and from Au. Backscat ter-  
i n g  d a t a  repor ted  by Wright and Trump” w e r e  employed. 
and FAl are t h e  f r a c t i o n s  of t h e  energy absorbed i n  Au and A 1  a t  t h e  Au 
are t h e  f r a c t i o n s  of 2 MeV e l e c t r o n s  Au * 
*Backscat ter ing from A 1  is  s m a l l  and w a s  neglec ted  i n  t h e s e  rough estimates. 
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1 .3  Est imat ion of E f f e c t s  of Absorbers i n  Front of Solu t ion  Target  
For these  estimates, i t  w a s  assumed t h a t  absorp t ion  i n  materials i n  f r o n t  
of t h e  s o l u t i o n  could be t r e a t e d  as though they were comprised of water of 
such th ickness  t h a t  t h e  f r a c t i o n s  of e l e c t r o n  energy absorbed i n  a given materi- 
a l  and water  are equal. 
i n  zirconium at  0.15 of t h e  range i n  zirconium w a s  regarded as equiva len t  t o  
absorp t ion  i n  water at 0.23 of t h e  range i n  water. 
For example, absorp t ion  of 0.3 of t h e  e l e c t r o n  energy 
Table 1.1 Range of 2 MeV Elec t rons  i n  Severa l  Materials 
Mat e r i  a1 
H2° 
Zirconium 
Aluminum 
S t a i n l e s s  S tee l  
Platinum 
I r o n  
Copper 
Titanium 
Gold 
Range 
(mils)  2 (g/cm 1 ( 4  
.958 .958 377 
1.52 .233 91.7 
1.20 .444 175 
1.30 .161 63.4 
1.8 .084 33 
1.34 .170 66.9 
1.24 .139 54.7 
1.26 .280 110 
1.8 .093 37 
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-t 
___+ . .- 
-- 
+ 
FQ. 1.1. Fraction of &Energy Absorbed vs. Fraction of Range Traversed. 
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Appendix I1 
Resul t s  of Measurements of Beam I n t e n s i t y  and Uniformity 
Without Scatterer 
Values f o r  current dens i ty  on sepa ra t e  annular r ings  a r e  shown i n  Fig. 
11.1. These were ca l cu la t ed  from the  observed e f f e c t s  of changing ho le  
s i z e  and the  separa t ion  between c o l l e c t o r  and Van de Graaff window. 
curved l i n e s  were drawn a r b i t r a r i l y  t h r u  t h e  values  f o r  3.62 cm. 
were est imated fo r  the  fewer da t a  a t  2.99 cm. The l i s t e d  values  f o r  expect- 
ed power d e n s i t i e s  in s o l u t i o n  were ca lcu la ted  using information discussed 
in Sect ion 4.1. 
neglected i n  these estimates. 
The 
No lines 
Poss ib le  backsca t te r ing  of e l e c t r o n s  i n t o  the  s o l u t i o n  w a s  
I - .  71 
ORNL ViG. 65-7587 
Full Lines - Collector 3.62 cm fran Van de Graaff window 
Dashed Lines - Collector 2.99 cm from Van de Graaff window 
217 
-.8 -.6 - .4 - .2 0 .2 .4 .6 .8 
Distance fran center of beam, cm. 
183 
117 
83 
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Appendix 111 
Beam I n t e n s i t y  and Uniformity with Beam S c a t t e r e r  
(Test Conditions and Resul t s )  
The experimental  condi t ions  and s c a t t e r i n g  materials and loca t ions  are 
l i s t e d  i n  Table 111.1. To ta l  cu r ren t s  t o  t h e  p ins  and t o  o t h e r  c o l l e c t o r  
su r faces  are a l s o  l i s t e d  i n  Table 111.1. The average of t h e  cu r ren t s  t o  
t h e  p i n s  w i t h i n  each c i r c l e  i s  l i s t e d  i n  Table 111.2 toge the r  wi th  calcu- 
lated values  f o r  the average cu r ren t  dens i ty  a t  100 vamps t o t a l  cu r ren t  and 
f o r  t h e  average power dens i ty  a t  t h e  normalized cu r ren t  dens i ty .  (Neglect- 
i ng  backsca t te r ing) .  
2.27 c m  between c o l l e c t o r  and Van de Graaff window are p l o t t e d  i n  Figs.  111.1 
and 111.2, respec t ive ly .  An a d d i t i o n a l  p l o t  i n  which t h e  diameter of t h e  
p ins  i s  shown is  given i n  Fig. 111.3. 
* 
The r e s u l t s  f o r  some of t h e  experiments a t  2.91 and 
*Differences between the  cu r ren t s  t o  ind iv idua l  p i n s  w i t h i n  a c i rc le  w e r e  
s m a l l .  
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Table 111.1 Experimental Conditions and Beam Currents Employed 
i n  Beam Monitor Experiments 
~ ~~ ~~ ~ 
S c a t t e r e r  b Distance Beam Current 
Experiment from Thick; Distance from 
No. Windowa Pinsc Otherd Tota l  Material ness Collect  o r  
(a) ( P a l p )  (vamp) (vamp) (mils 1 (a) 
2.27 5.0 33.5 38.5 
2.27 4.2 33.5 37.7 
2.27 3.7 33.5 37.2 
2.27 3.2 33.5 36.7 
2.27 4.2 33.5 37.7 
2.91 4.2 33.5 37.7 
2.91 3.6 33.5 37.1 
2.91 3.1 33.5 36.6 
None 
Au 
Au 
Au 
A l  
None 
Au 
Au 
-- --- 
1.0 0.32 
1.0 0.48 
0.32 2.0 
8.0 0.48 
f 
-- --- 
1.0 0.32 
1.0 0.48 
a. 
b. 
C. 
d. 
e. 
f .  
Distance between window and surface of co l lec tor .  
Electron vol tage w a s  1.95 MeV. 
Tota l  current  t o  pins. 
Current t o  remainder of co l l ec to r  and t o  window. 
Scatterers w e r e  c en t r a l ly  located and were 0.60 cm diameter except as 
noted. 
Diameter w a s  0.55 t o  0.60 an. 
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Table 111.2 Resul ts  of Measurements of Current t o  P ins  
Experiment Circle Average %rrent  Normalized Average Normalized Power 
No .  No. Per Pin Current Density' Density i n  Solu- a 
t i o n d  
(w/cc) 
2 
(P.unP) (l.lamp/cm 1 
0 
2 
3 
0 
1 
2 
3 
0 
1 
2 
3 
0 
1 
2 
3 
0 
1 
2 
3 
0 
1 
2 
3 
0 
1 
2 
3 
0 
1 
2 
3 
i 
.76 
.49 
.36 
.17 
.50 
.34 
.40 
.24 
.36 
.32 
.32 
.23 
.27 
.24 
.33 
.21 
.59 
.38 
.36 
.22 
.54 
.40 
.31 
.22 
.41 
.27 
.35 
.22 
.25 
.25 
.29 
.25 
89 
58 
42 
20 
60 
41  
48 
29 
44 
39 
39 
28 
33 
30 
41  
26 
71  
46 
43 
26 
65 
48 
37 
26 
50 
33 
43 
27 
31 
31 
36 
31 
297 
19 3 
140 
67 
200 
137 
160 
97 
14  7 
130 
130 
9 3  
110 
100 
137 
87 
237 
15 3 
143 
87 
217 
160 
12 3 
87 
167 
110 
143 
90 
10 3 
10 3 
120 
10 3 
a. Radii  of c i r c l e s :  1. 0.277 c m ,  2. 0.437 c m ,  3. 0.595 cm. 
b.  A t  condi t ions during measurements as l i s t e d  i n  Table  111.1. 
c. 
d. 
Calculated average cu r ren t  dens i ty  a t  100 pamp t o t a l  assuming a p i n  area 
of .0221 cm . 
Calculated from normalized cu r ren t  d e n s i t y  assuming m a x i m u m  rate of energy 
absorpt ion b u t  neglect ing backsca t te r ing .  
2 
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OLVL DYG. 65-8430 
Distance from Center of Beam, cm. 
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ORNL DWG. 6s-a429 
h 
3 \ 
f 
8 
a 
3 
a 
0 
o_ 
t 
(0 
> 
u) 
t 
i 
t 
C 
L 
a 
0 
E 
- .8  -.6 - . 4  - . 2  0 . 2  . 4  .6 
Distance from Center o f  Beam, cm. 
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ORNL DWG. 65-8431 
45 
A 
3 \
n 
a t 
Y 
.1 
40 
(D a 
8 - 
+ 
Q 
r 
cn 
t 
i 
+ 
C 
2 
d 35 
30 
25 -- 
-.8 -.6 -.2 0 .2 .4 .6 .8 
Distance from Center of Beam, an. 
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Appendix I V  
Dosimetry Measurements i n  Mock-ups of S t a t i c  and Dynamic C e l l s  
I V . l  In t roduct ion  
We determined the rates of deposi t ion of e l e c t r o n  energy i n  dosimetry 
s o i u t i o n s  contained i n  mock-ups of t he  s t a t i c  and dynamic c e l l s .  
j e c t i v e s  of these determinations were (1) t o  e s t a b l i s h  t h a t  approximately 
uniform power d e n s i t i e s  of about 150 w per  cc  of s o l u t i o n  could be obtained 
wi th in  experimental systems with the  ava i l ab le  e l e c t r o n  cur ren t  of 100 vamps, 
m a x i m u m ,  and (2) t o  e s t a b l i s h  the  r e l a t ionsh ip  between t o t a l  beam curren t  
and power dens i ty  i n  CdS04 so lu t ions  f o r  t he  experimental  s t a t i c  cell.  
The ob- 
The design of t h e  dynamic mock-up experiments provided f o r  batch-type 
i r r a d i a t i o n s  of the  dosimetry s o l u t i o n  t o  t o t a l  doses i n  t h e  range of 10 
ev/!L (1 .7  megarads). 
cur ren t  and exposure t i m e s  which could be measured r e l i a b l y  and/or convenient- 
l y  were about 1 vamp (about 9 x 1021 ev/k/sec)  and 10 sec, r e spec t ive ly .  This 
dose range i s  f a r  i n  excess of t h a t  which can be used wi th  the  Fricke ( f e r rous  
s u l f a t e )  dosimeter. However, i t  is  wi th in  the  range which can be  measured 
wi th  the  c e r i c  s u l f a t e  dosimeter,  and, accordingly,  t h e  l a t te r  w a s  used. 
23 
S m a l l e r  doses were not  practical  because the  minimum 
The s ta t ic  c e l l  mock-up w a s  a flow-thru system, and, t hus ,  lesser doses 
might have been used. However, i t  w a s  convenient t o  use t h e  s o l u t i o n  and dose 
range which were used wi th  the  dynamic mock-up and t h i s  w a s  done. The dose 
rates employed with t h e  s t a t i c  mock-up experiments ranged up t o  15 megarads 
per  s e c  while those with dynamic mock-up were i n  t h e  range of 0.15 megarads 
p e r  sec.  
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Taimuty and coworkers13 inves t iga t ed  ceric dosimetry i n  t h e  dose range 
10 t o  10 r ads  using ceric ion concent ra t ions  of 0.01 t o  0.05 M wi th  doses 
which produced 20 t o  80% reduct ions  of t h e  Ce . They showed t h a t  t h e  va lue  
of G(Ce ) does not  change wi th  (Ce  ), and is independent of dose rate up t o  
2 x 10 rads /sec .  They a l s o  pointed o u t  t h a t  t h e  t h e o r e t i c a l  l i m i t  f o r  dose 
rate independence is rads/sec.  A s m a l l  temperature dependence w a s  not- 
ed as shown i n  Fig. IV.1where w e  have p l o t t e d  t h e i r  repor ted  G v a l u e s .  
s o l u t i o n s  w e r e  composed of ceric s u l f a t e  (G. F. Smith) o r  ceric ammonium su l -  
f a t e  (Baker and Adamson) d isso lved  i n  0.4 M H2S04 s o l u t i o n s .  
5 7 * 
+4 
+3 +4 
6 
Thei r  
+3 Some organic  impur i t i e s  a f f e c t  t h e  va lue  of G ( C e  1. However, i t  has  
been fomd14 t h a t  hea t ing  t h e  test s o l u t i o n  (@8OoC) overnight be fo re  use 
produces a s u b s t a n t i a l  reduction i n  t h e  
of organic  impur i t i e s .  Preeuuir'uly , :lis 
Ce+4 during t h e  heating. 
1 2  
Some authors  recommendLJ c a l i b r a t i o n  a g a i n s t  an abso lu te  s t anda rd  t o  es- 
+3 t a b l i s h  G ( C e  ) f o r  t h e  p a r t i c u l a r  s o l u t i o n  composition used. 
IV.2 Theory 
I V .  2.1 
Since t h e  dosimeter so lu t ions  are s t rong ly  a c i d ,  t h e  e- 
Reduction of Ce+4 Under I r r a d i a t i o n  
+ reacts wi th  H 
aq 
t o  form H, and t h e  genera l  r a d i o l y s i s  equat ion  f o r  low LET r a d i a t i o n s  (f3 and y)  
can be  w r i t t e n ,  
H20 + H2, H202, H,  OH. 
* lo7 rads  equa l  approximately 6 x ev/!2 and 100 w,sec/cc i n  w a t e r .  
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15 , 16 The reducing reac t ions  are thought t o  b e ,  
(1) H + ~ e + ~  + ~ e + ~  + H+ 
(2) H ~ O ~  + ~ e + ~  + ~ e + ~  + H+ + H O ~  
(3) H O ~  + cet4 -f ~ e + ~  + H+ + 02. 
The oxida t ion  r eac t ion  i s ,  
( 4 )  OH + ~ e + ~  + ~ e + ~  + OH-. 
Assuming tha t  no o the r  r eac t ion  i s  of importance,  t h e  y i e l d  of Ce+3 is  
1 7  given by , 
(5) G(Ce+3) = 2GHq0, + GH - GOH. 
L L  
and GH202' re- 
Hydrogen and oxygen a r e  evolved a t  rates corresponding t o  G 
spec t ive ly .  
H2 
(About 10 cc of H2 and 16 cc of O2 per  l i t e r  p e r  l o6  r ads ) .  
+3 The value of G(Ce ) obtained from Eq. 5 toge ther  w i th  G va lues  f o r  H202, 
H and OH f o r  0.4 M H2S04  s o l u t i o n  is near  2.3517 whereas, i n  p r a c t i c e ,  Taimuty 
and coworkers found G ( C e  ) equal  t o  2.50 (Fig. I V . l ) .  No repor ted  explana t ion  +3 
f o r  t h i s  d i f f e rence  has  been found. However, our  cons idera t ions  l e d  us t o  con- 
c lude  t h a t  t h e  d i f f e rence  r e s u l t s  from an i n c r e a s e  i n  t h e  e f f e c t i v e  y i e l d  of H 
caused by r e a c t i o n  of 0 Using d a t a  repor ted  
by Hochanadel and Ghormley,18 w e  c a l c u l a t e  t h a t  G 
-4  disso lved  oxygen a t  a concentrat ion of 8.5 x 10 M ( 2 / 3  atm) and an a d d i t i o n a l  
0.023 by 0.01 M C e  
The amount by which t h e  GH would be increased  was expected t o  depend upon t h e  
one-third power of the  concentrat ion of 0 
and Ce+4 wi th  H wi th in  t h e  spur .  2 
would b e  reduced 0.052 by 
H2 
+4 . These va lues  corresponded t o  an i n c r e a s e  i n  GH of 0.15. 
and of Ce+4 s o  t h a t  o t h e r  concen- 2 
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t r a t i o n s  which preva i led  i n  t h e  experimental  work would have produced s l i g h t l y  
d i f f e r e n t  enhancements of GH. 
Ce+4 would be  expected t o  be 0.076 as  compared wi th  t h e  above mentioned increase 
of 0.046 i n  0.01 M Ce+4. 
i n  many of t h e  experiments of Taimuty e t  al., a t  a p res su re  of about 1/5 t o  more 
than  2/3 atms, 
of G(Ce ) can probably be s a t i s f a c t o r i l y  explained. 
For example, t h e  i n c r e a s e  r e s u l t i n g  i n  0.05 M 
Since i t  appears l i k e l y  t h a t  d i sso lved  0 w a s  p re sen t  2 
* 
t h e  d i f f e r e n c e  between t h e  experimental  and t h e o r e t i c a l  va lues  
+3 
+3 
The explana t ion  f o r  t h e  s l i g h t  decrease  i n  G(Ce ) with  inc reas ing  temper- 
a t u r e  has  not  been e s t ab l i shed .  
of gases  at the  e leva ted  temperature accounts f o r  p a r t  of t h e  temperature e f -  
f e c t .  
It can be  specula ted  t h a t  decreased s o l u b i l i t y  
It should be  noted t h e  dosimeter s o l u t i o n s  are normally open t o  t h e  at- 
P r e s s u r i z a t i o n  would r e s u l t  i n  a buiici-up 
1.2 1 F  La, .L2 mosphere during i r r a d i a t i o n .  
of concent ra t ion  of H2 and 0 which might b e  s u f f i c i e n t  t o  al ter G(Ce ). An 
e f f e c t  of H would be exerc ised  th ru  r e a c t i o n  (6) ,  
+3 
2 
2 
(6) H2 + OH -F H + H20. 
As mentioned i n  Sec t ion  IV.1, dose rates up t o  15 megarads pe r  s e c  w e r e  
) has  been +3 used i n  our  experiments whi le  t h e  dose rate independence of G(Ce 
e s t a b l i s h e d  t o  only 2 megarads p e r  sec. 
reason t o  expect a d i f f e r e n t  va lue  f o r  G(Ce 
However, w e  found no t h e o r e t i c a l  
+3 
) at  t h e  h ighe r  dose rate. 
~ ~ 
* Oxygen produced during i r r a d i a t i o n  p l u s  d isso lved  a i r  i n i t i a l l y  p re sen t .  
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+3 IV.2.2 Effec t  of Degradation of Elec t ron  Energy on G(Ce ) 
I n  planning t h e  dose rate measurements using dosimeter s o l u t i o n s ,  a 
ques t ion  can be  ra i sed  as t o  whether the  changes i n  LET, and t h e  accompanying 
changes i n  G-values, which r e s u l t  from e l e c t r o n  energy degradat ion produce 
s i g n i f i c a n t  e f f e c t s  on o v e r a l l  G-values. I n  our  work wi th  ceric dosimeter 
s o l u t i o n s ,  t he  quest ion w a s  whether any changes i n  LET and G-values were suf- 
f i c i e n t  t o  s i g n i f i c a n t l y  a l te r  the  average G ( C e  
e v / i  
Mev). 
systems l i s t e d  below: 
1. 
+3 
) from t h a t  expected f o r  0.02 
r a d i a t i o n s  (cobal t  y-rays and e l ec t rons  wi th  ene rg ie s  g r e a t e r  than  0.4 
An answer to  t h i s  ques t ion  was obtained f o r  each of t h e  t h r e e  d i f f e r e n t  
System i n  which a l l  of t h e  e l e c t r o n  energy is absorbed i n  solu-  
t ion .  
2. System comprised of a l a y e r  of s o l u t i o n  sandwiched between a 
Zircaloy-2 window and a Zircaloy-2 backsca t t e re r  of i n f i n i t e  thickness .  The 
th icknesses  of t h e  s o l u t i o n  and window were assumed t o  be  0 . 3  cm and 5 m i l s .  
This absorp t ion  s y s t e m  i s  comparable t o  t h a t  p r e v a i l i n g  i n  t h e  planned dynamic 
ce l l .  
3. System s imi la r  t o  No. 2 but  wi th  s o l u t i o n  and window th icknesses  
of 0.054 cm and 10 m i l s .  This absorpt ion system is  comparable t o  t h a t  used i n  
t h e  s t a t i c  cel l .  
Information presented by Allen f o r :  (1) t h e  LET of e l e c t r o n s  i n  water as 
19 +3 19 a func t ion  of energy, and (2) the  va lue  of G(Ce ) as a func t ion  of LET 
w a s  employed i n  the eva lua t ion  of t he  average G(Ce+3) f o r  system No. 1. 
evalua t ions  of systems 2 and 3 employed, a d d i t i o n a l l y ,  information i n  Appendix 
I f o r  energy absorpt ion vs f r a c t i o n  of range t r a v e r s e d ,  and d a t a  repor ted  by 
The 
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Trump and Wright” fo r :  (1) t h e  f r a c t i o n  of e l e c t r o n s  backsca t t e red ,  (2) t h e  
f r a c t i o n  of i nc iden t  energy backsca t te red ,  and (3) t h e  r a t i o  of average ener- 
gy p e r  backsca t te red  e l e c t r o n  t o  energy of primary e l ec t ron .  
The method of eva lua t ing  t h e  e f f e c t s  of energy degradat ion f o r  system 1 
can be  seen by re ference  t o  Table I V . l  i n  which lists are given of several 
parameters employed i n  t h e  evaluation. 
G ( C e  
depos i ted  by e l e c t r o n s  wi th  energ ies  g r e a t e r  than  0.4 Mev. 
less than t h e  expected o v e r a l l  uncer ta in ty  i n  t h e  measurements. 
The r e s u l t s  f o r  system 2 (Tab le  IV.2) show t h a t  about 65% of t h e  e l e c t r o n s  
The r e s u l t s  show t h a t  t h e  average 
+3 ) may be  about 1% g r e a t e r  than t h a t  expected when a l l  of the energy is 
This i nc rease  is 
are l o s t  when t h e  e l e c t r o n s  s t r i k e  t h e  back p l a t e  i n  t h e  f i r s t  pas s ,  and t h a t  
95% of t h e  energy of a l l  e l e c t r o n s  is  absorbed by t h e  time backsca t t e red  e- 
l e c t r o n s  are absorbed i n  t h e  so lu t ion ,  i t  can be es t imated  t h a t  0.07 of t h e  
i n i t i a l  e l e c t r o n  energy of 2 MeV is absorbed i n  s o l u t i o n  from e l e c t r o n s  wi th  
ene rg ie s  < 0.4 MeV. A t  t h e  same time the  t o t a l  f r a c t i o n  of t h e  i n i t i a l  e l e c t r o n  
energy which is absorbed i n  so lu t ion  is  0.55. Accordingly, t h e  f r a c t i o n  of 
energy d i s s i p a t i o n  i n  water due t o  e l e c t r o n s  wi th  ene rg ie s  < 0.4 Mev is 0.13. 
Considerat ions of t h e  type  described above f o r  system 1 then  show t h a t  t h e  ex- 
pec ted  i n c r e a s e  i n  G(Ce ) r e s u l t i n g  from t h e  presence of low energy e l e c t r o n s  
i s  w e l l  below 1%. 
+3 
The r e s u l t s  f o r  system 3 showed t h a t  about 90% of t h e  e l e c t r o n s  are ab- 
sorbed  i n  t h e  back w a l l  and t h a t  the inc iden t  energy on s t r i k i n g  t h e  w a l l  i s  
> 0.4 MeV. The f r a c t i o n s  of t h e  energy absorp t ion  i n  s o l u t i o n  from e l e c t r o n s  
w i t h  ene rg ie s  below and above 0.4 Mev are 0.17 and 0.83 .  Again by comparison 
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+3 Table I V . l  Evaluation of Average G(Ce ) f o r  Complete Absorption of Energy 
of 2 Mev Electrons i n  Water (System 1 )  
Electron Frac t ion  of Average G(Ce+3)b Product of Frac t ion  
Energy Range I n i t i a l  Electron  LET^ of Energy and 
(MeV) Energy (ev/A) G ( Ce+3) 
2.0 t o  0.4 
0.4 t o  0.3 
.3 t o  .2 
.2 t o  .1 
.1 t o  .08 
.08 t o  .06 
.06 t o  .04 
.04 t o  .02 
.02 t o  0 
0.80 
0.05 
0.05 
0.05 
0.01 
0.01 
0.01 
0.01 
0.01 
0.020 
0.021 
0.024 
0.036 
0.044 
0.053 
0.068 
0.098 
- 
+3 Average G(Ce ) 
2.37 
2.37 
2.39 
2.49 
2.55 
2.60 
2.69 
2.94 
3.2' 
1.89 
0.119 
0.120 
0.124 
0.025 
0.026 
0.027 
0.029 
0.032 
2.39 
a. From r e f .  6,  p.  6 
b. From r e f .  6, p.  54 
c. Assuming the  maximum value of G(Ce ). +3 
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Table I V . 2  Energy Absorbed from Electrons of Different  Energies i n  
Static and Dynamic Systems and Effec ts  on G(Ce+3) 
~~ - 
Dynamic S t a t i c  
Fraction of I n i t i a l  Energy 
Absorbed i n  so lu t ion  
Fraction of I n i t i a l  Energy 
Absorbed from Electrons w i t h  
Energies : 
< 0.4 MeV 
> 0.4 MeV 
0.55 0.12 
(.35)(.2) = 0.07 (.1)(.2) = 0.02 
0.48 0.10 
Fraction of Energy Absorption 
from Electrons with Energies: 
< 0.4 Hev 0.13 0.17 
> 0.4 MeV 0.87 0.83 
+3 Percentage Deviation o f  G(Ce ) 
from tha t  of 0.02 ev/A < + 1  
0 
< + 1  
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wi th  t h e  r e s u l t s  of cons idera t ions  descr ibed f o r  system 1, t h e  expected 
inc rease  i n  G ( C e  ) r e s u l t i n g  from low energy e l ec t rons  is less than 1%. +3 
IV.3 Method 
I V .  3.1 Prepara t ion  of S tab le  Solu t ions  
The composition and dens i ty  of dosimeter s o l u t i o n s  employed i n  t h i s  work 
are l i s t e d  i n  Table I V . 3 .  
water, Fisher  Ce(S04)2*2(NH4)2 S04*2H20, and concentrated H2S04. 
were heated overnight a t  . J ~ O O C  be fore  use. 
hea t ing  o r  during subsequent i r r a d i a t i o n .  
These s o l u t i o n s  were made using t r i p l y  d i s t i l l e d  
The s o l u t i o n s  
No p r e c i p i t a t i o n  occurred during 
Solu t ions  containing 0.4 M H2S04 were a l s o  prepared during pre l iminary  
work, bu t  p r e c i p i t a t i o n  from t h e s e  so lu t ions  occurred during hea t ing  and/or dur- 
i ng  i r r a d i a t i o n .  
nary experiments. P r e c i p i t a t i o n  w a s  always encountered. No a l t e r a t i o n  of 
G ( C e  
t h e  r a d i o l y t i c  spec ies  involved (Eq. 5 )  are s u b s t a n t i a l l y  t h e  same i n  0.7 and 
Ceric s u l f a t e ,  H4Ce(S04)4, w a s  a l s o  t e s t e d  i n  t h e s e  prel imi-  
+3 ) is expected t o  r e s u l t  from the  use of 0.7 M H2S04 s i n c e  t h e  G-values of 
qn 
L U  0.4 M H2S04. 
Table IV.3 Composition and Density of Dosimeter Solu t ions  
S o 1 u t  ion  Solut ion Concentration (M) Density 
(g /cc  a t  25OC) No. Ce(S04)2*2(NH4)2S04*2H20 H2S04 
1.042 A 0.01 0.7 
B 0.06 0.7 1.062 
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ZV.3.2 Evalu 
+3 t i o n  of G ( C e  ) 
+3 Values of G(Ce ) f o r  our so lu t ions  w e r e  determined by exposing samples 
i n  t h e  Chemistry Division cobal t  source where t h e  dose rate i n  w a t e r  i s  ac- 
cu ra t e ly  known.21 
our ca l cu la t ed  r a t i o s  of y-ray absorption c o e f f i c i e n t s  i n  t h e  so lu t ions  to  
t h a t  in w a t e r .  The information and an i l l u s t r a t i o n  of t h e  method used f o r  ev- 
a lua t ion  of t h i s  rate f o r  s o l u t i o n  A are set f o r t h  i n  Table IV.4. The va lue  
f o r  t h e  r a t i o  i n  t h i s  case w a s  1.039 as shown i n  t h e  t a b l e .  
evaluated r a t i o  f o r  s o l u t i o n  B w a s  1.058. 
Dose rates i n  t h e  dosimeter s o l u t i o n s  w e r e  obtained using 
The s i m i l a r l y  
6 Doses of about 2 x 10 rads were used i n  these  c a l i b r a t i o n s .  These re- 
qu i r ed  about 85 min of exposure. 
Table IV.4 Evaluation of Relat ive y-ray Absorption P e r  Unit Volume 
i n  Dosimeter Solut ion and Water 
Gamma Energy Product of Absorption 
Species Concentration Absorption goef- Coeff ic ien t  and Density 
f i c i e n t  
(MI (g/cc) (cm2/d (l/cm) 
b C e  . 0 1  . 00 14 .03 
~- 
.000042 
S .74 .0237 .0280 .00066 
O(except H20) 2.96 .0474 .0280 .00133 
N .04 .00056 .0280 .000016 
H(except H20) 1.56 .00156 .0555 .000087 
H2° .967 .0311 .03007 
Sum of products of absorpt ion c o e f f i c i e n t  and dens i ty  0 -0322 
R a t i o  energy absorpt ion coe f f i c i en t  (l/cm) i n  s o l u t i o n  t o  
t h a t  i n  H20 1.039 
a. NBS Handbook 62 (1956), p. 16. 
b. Estimated 
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IV.3.3 Evaluation of Elec t ron  Doses i n  Water 
The rate of depos i t ion  of e l e c t r o n  energy i n  a dosimeter s o l u t i o n  w a s  
+3 
determined i n  our work from measured va lues  of t h e  rates nf formation of Ce  
+3 
i n  t h e  s o l u t i o n  toge ther  with t h e  appropr i a t e  measured va lue  of G(Ce ). 
The rate of energy depos i t ion  i n  water w a s  then evaluated from comparisons be- 
tween t h e  e l ec t ron  range i n  H 0 and t h a t  i n  t h e  so lu t ion .  
ranges i n  s o l u t i o n s  A and B and values f o r  t h e  f r a c t i o n s  of t h e  range present -  
ed by a 3 mm thickness of s o l u t i o n  are l i s t e d  below. 
Values f o r  t h e  2 
Range of 2 Mev e lec t rons  
So lu t ion  B Solu t ion  A 
0.971 g/cm 
0.988 g/cm 2 
Frac t ion  of range i n  3 nun of s o l u t i o n  0.321 0.323 
Frac t ion  of range i n  3 mm of H20, 0.314. 
Other information employed i n  eva lua t ing  t h e  range i n  s o l u t i o n  A is  pre-  
sen ted  i n  Table IV.5. 
Table IV.5 Evaluations of Range of 2 Mev Elec t rons  i n  Dosimeter So lu t ion  A. 
Range of 2 MeV Weight Frac- Product of 
Species Elect ronsa Concentration t i o n  of Weight Frac- 
Species t i o n  and 
(g/cc> W c m  1 2 
0.0021 C e  1.6 0.0014 0.0013 
S 1.19 0.0237 0.0227 0.0270 
O(except H 0) 1.11 0.0474 0.0455 0.0505 
N 1.10 0.00056 0.00054 0.00059 
H(except H20) 0.471 0.00156 0.0015 0.00071 
Range 2 (g/cm ) 
2 
0.958 0.967 0.929 0.890 
Sum of products of weight f r a c t i o n  and range 0.971 
Range of 2 Mev e l ec t rons  i n  s o l u t i o n  0.971 
a. 
H2° 
Taken o r  estimated from information i n  NBS C i r c u l a r  577, 1956. 
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Using these  range va lues  and r e f e r r i n g  t o  Fig. 1.1, Appendix I, it: can 
be  shown t h a t  t h e  r a t i o  of t h e  r a t e  of e l e c t r o n  energy absorp t ion  i n  e i t h e r  
s o l u t i o n  t o  t h a t  i n  w a t e r  i s  1.030. 
IV.4 Equipment and Procedures 
IV.4.1 S t a t i c  Mock-up 
Fig. ZV.2 i s  a photograph of t h e  mock-up assembly which cons i s t ed  of one 
c o i l  of Zircaloy-2 tubing (0.023 in.  I D  x 0.030 in .  OD) surrounded by a stain- 
less steel cooling j a c k e t  (0.062 in.  OD x 0.051 in .  I D ) .  A 1/8 i n .  t h i c k  b r a s s  
s h i e l d  p l a t e  wi th  a cen te r  ho le  was used t o  de f ine  t h e  area of i r r a d i a t i o n .  
For t h e s e  measurements, one end of t h e  Zircaloy-2 test loop w a s  connected by 
m e a n s  of t i t an ium tubing t o  a t i tan ium tank conta in ing  ceric so lu t ion .  
czrik im7G located cutside the Yzxl de Grasff rc?"m, 
a l s o  connected t o  titanium tubing. T e s t  s o l u t i o n  w a s  conducted t o  a graduated 
cy l inde r  o r  t o  d i sca rd  through t h i s  tubing. 
and t h e  Zircaloy-2 tubing w e r e  made by s l i p p i n g  t h e  Zircaloy-2 i n t o  t h e  d r i l l e d  
ends of t h e  t i t an ium and then sea l ing  with epoxy cement. 
The 
The ether end nf the lnnp w a s  
The j o i n t s  between t h e  t i t an ium 
A dose rate measurement w a s  c a r r i e d  out  as follows: The equipment w a s  
assembled, and t h e  cooling j a c k e t  around t h e  test tube  w a s  connected t o  a t ap  
supplying cold water a t  a pressure  of about 61 p s i .  
passed t h r u  t h e  cooling c o i l  around t h e  mounting p l a t e .  
test tube  w a s  then i n i t i a t e d ,  and t h e  V a n  de Graaff w a s  s t a r t e d .  When t h e  t o t a l  
beam c u r r e n t  was at  t h e  des i r ed  l e v e l ,  t h e  de l ive ry  tube  w a s  moved so t h a t  t h e  
s o l u t i o n  w a s  c o l l e c t e d  i n  a graduated cy l inder .  Af te r  c o l l e c t i o n  of a sample of 
appropr i a t e  s i z e ,  t h e  de l ive ry  tube w a s  moved s o  t h a t  t h e  s o l u t i o n  discharged t o  
Cold t a p  water w a s  a l s o  
So lu t ion  flow t h r u  t h e  
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waste. 
removed f o r  ana lys i s .  
followed except t h a t  t he  test c e l l  was sh ie lded  from the  e l e c t r o n  beam were 
c a r r i e d  out immediately following some of t h e  experiments. 
a l s o  c a r r i e d  out  using the  same procedure except t h a t  t h e  Van de Graaff w a s  no t  
operated.  
The Van de Graaff w a s  then stopped, and t h e  sample i n  t h e  cy l inde r  w a s  
Control experiments i n  which the  same procedure was 
Control  tests were 
So lu t ion  A was used i n  a l l  of t hese  experiments,  and no at tempt  w a s  made 
t o  exclude a i r  from the  so lu t ion .  
vamps a t  2 Mev were t e s t ed .  
reduct ion of Ce+4 amounted t o  about 20 t o  30% (about 0.12 cc/sec a t  95 vamp). 
Adjustment of t h e  flow was accomplished t h r u  adjustment of helium pressure  over  
t h e  s o l u t i o n  wi th in  the  tank. 
To ta l  beam c u r r e n t s  of about 80 t o  95 and 45 
The flow rate was ad jus t ed  so t h a t  t h e  expected 
Solu t ion  analyses were accomplished by t i t r a t i o n  wi th  a standard.  
The temperatures of t he  i n l e t  and o u t l e t  tubes  a t t ached  t o  t h e  cool ing  
j a c k e t  were determined by means of thermocouples which were wired and taped t o  
t h e  tubes about one-half inch above t h e  p o i n t s  of  attachment t o  t h e  mounting 
p l a t e .  
Values of c e r t a i n  parameters of t h e  s t a t i c  c e l l  mock-up which were employ- 
ed i n  i n t e r p r e t a t i o n s  of r e s u l t s  are l i s t e d  i n  Table IV.6. Addi t iona l  informa- 
t i o n  is  given below under numbers corresponding t o  numbered items i n  t h e  t a b l e .  
2. The i n l e t  temperature before  i r r a d i a t i o n  w a s  23.6"C. Presumably, 
r a d i a t i o n  hea t  was conducted t o  t h e  water t h r u  t h e  connection t o  t h e  mounting 
p l a t e  and a t  o ther  po in t s  of nea r  contac t .  
4. From the  Hausen equat ion f o r  flow i n  t h e  t r a n s i t i o n  region.  
5. Based on Nusselt  number i n  4. 
6. Assuming reported va lues  f o r  rates of h e a t  flow from t h e  test tube.  22 
7. Each type  of measurement w a s  made on a s t r a i g h t  l e n g t h  of tubing. 
Measurement type C w a s  a l s o  made with t h e  tube a f t e r  f a b r i c a t i o n  i n t o  t h e  cell. 
The r e s u l t s  of t h e  type  C measurements f o r  t h e  s t r a i g h t  and co i l ed  p i eces  w e r e  
t h e  same. 
probably because of t h e  rough oxide s u r f  ace. 
The r e s u l t s  showed that Hg d i d  not  f i l l  t h e  tubing completely; 
12. Taking hea t  flow from the w a l l  i n t o  account. 
The temperature of a p a r t i c u l a r  experiment may have d i f f e r e d  from t h i s  
+3 
value by - + 2 o r  3°C. 
p e r a t u r e ,  no attempt w a s  made t o  obta in  more precise temperatures. 
Since t h e  value of G(Ce ) is not  very s e n s i t i v e  t o  tern- 
It may be noted t h a t  t h e  dura t ion  of i r r a d i a t i o n  of a sample w a s  computed 
from knowledge of t h e  I.D. of the Zircaloy-2 test tube and from t h e  measured 
~d*nno_ cf snlnt ion c o l l e c t e d  during a known period. As s t a t e d  previous ly ,  t h e  
flow rates w e r e  ad jus t ed  so t h a t  t h e  amount of Ce+4 reduced during i r r a d i a t i o n  
would amount t o  less than  about 40% of t h a t  i n i t i a l l y  present .  Considerat ion 
w a s  given t o  t h e  p o s s i b i l i t y  t h a t  t h e  du ra t ion  of i r r a d i a t i o n  i n  r e l a t i v e l y  low 
v e l o c i t y  po r t ions  of t h e  channel would exceed t h a t  requi red  t o  completely reduce 
t h e  and thus al ter t h e  average amount of reduct ion  from t h a t  which would 
occur  wi th  good mixing. 
l i n e  wi th  no mixing o r  d i f f u s i o n ,  then t h e  t o t a l  dose i n  about 20% of t h e  solu- 
t i o n  would exceed t h a t  requi red  f o r  complete reduct ion  by f a c t o r s  ranging up t o  
2 i n  some experiments. The dose i n  t h e  remaining 80% of s o l u t i o n  would be  less 
than  t h a t  requi red  f o r  complete reduction. 
It  was recognized t h a t  i f  t h e  flow w a s  p e r f e c t l y  stream- 
Consideration of t h e  r eac t ions  which would occur among t h e  r a d i o l y t i c  
products  i n  t h e  temporary absence of Ce+4 l ed  t o  t h e  conclusion t h a t  t he  average 
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Table IV.6 Values of Cer ta in  Parameters of S t a t i c  C e l l  Mock-Up 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
Jacket Coolant System 
Velocity of flow t h r u  7 m i l  annulus ( a t  
61  p s i  AP and 23OC) 
Approximate temperature of coolant  water a t  
beam curren t  of 82 vamps 
I n l e t  
Out le t  
Reynold's number 
Nussel t  number 
Film coe f f i c i en t  on o u t e r  su r f ace  of test tube 
Approximate temperature of test  tube s u r f a c e  
Zircaloy-2 Test Tube 
I D  
a. From microscopic measurements of bore  
b. From weight and OD measurements 
c. From measurements of weight of Hg t o  
f i l l  tube 
Length of i r r a d i a t e d  po r t ion  
Average ve loc i ty  of s o l u t i o n  a t  0.12 cc/sec 
Reynold's number a t  46 cm/sec and 3 O o C  
Approximate temperature a t  i n l e t  s o l u t i o n  
a t  82 vamps 
19 f p s  
27OC 
29OC 
2,230 
9.50 
3,350 
36OC 
.0574 c m  
.0574 cm 
.0533 cm 
4.45 cm 
46 cm/sec 
3 30 
27OC 
Approximate temperature of s o l u t i o n  at 150 w/cc 
and flow rate of 46 cm/sec 35°C 
Titanium Tube Jo in ing  C e l l  t o  Sample Co l l ec to r  
I D  0.058 cm 
Length 150 c m  
Residence time of f l u i d  a t  volume flow rate of 
0.12 cc/sec 3.3 sec 
Pressure  drop a t  volume flow rate of 0.12 cc/sec 7.8 p s i  
9 3  
amounts of reduction w e r e  not s i g n i f i c a n t l y  d i f f e r e n t  from those  which would 
occur with good mixing. I n  t h e  absence of t h e  H which normally reacts 
wi th  Ce+4 would react wi th  O2 to  form H 0 according t o  r e a c t i o n s  7, 8 ,  and 9. 2 2  
(7) H + O2 + H 0 2 ,  
( 8 )  H02 + BO2 + H202 + 02, 
(9) H O ~  + ~ e + ~  + H+ + ~ e + ~  + ~ ~ 0 ~ .  
I f  t h e  H202 has  nothing t o  r e a c t  with immediately, i t  remains i n  t h e  s o l u t i o n  
and eventua l ly  reacts wi th  Ce+4 a f t e r  some mixing has occurred. The net amount 
of reduct ion  is not  a l t e r e d  by t h e  in te rmedia te  formation of H202. 
very un l ike ly  t h a t  O2 w a s  exhausted, t h e  presence of low v e l o c i t y  reg ions  in t h e  
channel very l i k e l y  d i d  not a f f e c t  t h e  n e t  amount of reduction. 
Since i t  is 
It can a l s o  be  assumed t h a t  the flow wi th in  t h e  test tube loop w a s  n o t  per- 
f e c t l y  s t reaml ine  and t h a t  some mixing occurred as a r e s u l t  of secondary flow. 
The amount of mixing produced by the secondary flow is unknown, b u t  it is con- 
s i d e r e d  l i k e l y  t h a t  i n  t h e  experiments employing t h e  h igher  v e l o c i t i e s ,  i t  was 
s u f f i c i e n t  t o  e f f e c t  a t  least one complete mixing during passage of s o l u t i o n  
t h r u  t h e  test loop. One complete mixing would be s u f f i c i e n t  t o  prevent  ex- 
haus t ion  of Ce+4 i n  any po r t ion  of t h e  so lu t ion .  
I n  gene ra l ,  i t  appears t h a t  any tendency f o r  an e f f e c t  on t h e  average a- 
mount of reduct ion  t o  r e s u l t  from the  presence of low v e l o c i t y  reg ions  w i l l  b e  
least at  t h e  h ighes t  flow r a t e s .  
IV.4.2 Dynamic Mock-up 
The dosimetry cells designed t o  s imula t e  t h e  e l e c t r o n  energy absorp t ion  
c h a r a c t e r i s t i c s  of t he  dynamic system w e r e  made from Zircaloy-2 c y l i n d e r s  wi th  
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welded covers of zirconium. 
f o r  i n s e r t i o n  and removal of dosimetry so lu t ions .  
shown i n  Fig.  I V . 2 .  Dimensions are l i s t e d  i n  Table IV.7 
I n l e t  and e x i t  tubes of Zircaloy-2 were provided 
One of t h e  cel ls  (No. 2) i s  
Table IV.7 Dimensions of Dosimetry Cells f o r  Dynamic Mock-up 
C e l l  No. 1 C e l l  No. 2 
OD 1.30 cm 1.30 cm 
1.20 cm 1.20 cm I D  
Window thickness  3 m i l s  11-12 m i l s  
Bottom thickness  20 m i l s  3 m i l s  
I D  of a t tached  tubing 0.0574 cm 0.0574 cm 
I n t e r n a l  volume of tubing 0.021 cc 0.028 cc 
Volume of c e l l  (exclude tubing)  0.288 cc 0.301 cc 
Average depth 0.255 cm 0.266 cm 
Weight of c e l l  (exclude tubing)  0.90 g 0.66 g 
(100 mi l s )  (105 m i l s )  
A measurement w a s  c a r r i e d  out  as follows. The c e l l  w a s  f lushed  and f i l -  
l ed  wi th  ceric so lu t ion  and then  placed wi th in  t h e  c a v i t y  of t h e  mounting p l a t e .  
It w a s  then mounted a t  t h e  Van de Graaff i n  an arrangement which included a one- 
e ighth  in .  copper s h u t t e r  between the  beam window and t h e  ce l l .  The beam 
curren t  w a s  then adjusted,  and t h e  s h u t t e r  opened f o r  t h e  des i r ed  length  of 
t i m e  and then  closed. The beam was then stopped and t h e  sample removed f o r  an- 
a l y s i s .  The c e l l  was then recharged f o r  t h e  next  experiment. Samples of t h e  
charged s o l u t i o n s  were reserved f o r  c o n t r o l  ana lyses  from t i m e  t o  t i m e  during 
a series of experiments. About 15 min e lapsed  between charging and removing 
the  s o l u t i o n  from a c e l l  i n  a given experiment. 
t o  t h e  r a d i a t i o n  experiments t o  determine t h e  rate of  l o s s  of Ce+4 by r e a c t i o n  
An experiment w a s  made p r i o r  
with the  c e l l  walls.  
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Analyses of t h e  s m a l l  volumes of s o l u t i o n  were accomplished by d i l u t i n g  
-4 13 the  samples t o  about 10 M, and then analyzing spec t rophotometr ica l ly .  
Solu t ion  A w a s  used i n  a l l  f i n a l  experiments. The beam c u r r e n t s  and ex- 
posure t i m e s  w e r e  about 1 vamp and 10 sec. 
pre l iminary  experiments i n  which beam cur ren t s  and exposure times of about 5 
vamp and 20 sec were employed. 
cel l  during exposure i n  these  prel iminary experiments owing t u  hea t ing  i n  t h e  
ce l l  w a l l s  and/or  t o  gas evolu t ion  from t h e  so lu t ion .  
from any of t h e  f i n a l  experiments. 
Solu t ion  B w a s  employed i n  some 
About 30% of t h e  s o l u t i o n  w a s  expel led  from t h e  
No s o l u t i o n  w a s  l o s t  
E s t i m a t e s  of t he  temperature rise i n  a ce l l  w e r e  made from cons ide ra t ions  
of energy absorp t ion  i n  t h e  so lu t ion  and w a l l s  along wi th  t h e  r e s u l t s  of t h e  
experiments. As repor ted  la ter ,  t h e  r e s u l t s  showed t h a t  1 vamp t o t a l  beam 
cur ren t  corresponded t o  about 1.5 w/cc. 
i n  t h e  w a l l s  of cell  No .  1 were made using Eq. 10, 
The estimates of t h e  temperature rise 
which w a s  derived by assuming t h a t  h e a t  w a s  no t  exchanged between s o l u t i o n  and 
w a l l s  but w a s  t r a n s f e r r e d  from the  w a l l  t o  t he  sample ho lde r  t h r u  an air  gaps on 
t h e  s i d e s  and bottom. 
t i m e  t ,  T’ is  t h e  i n i t i a l  temperature and t h e  temperature of t h e  sample ho lde r ,  
q’ is t h e  rate of hea t ing  i n  t h e  Zircaloy-2, A is  t h e  h e a t  t r a n s f e r  area of t h e  
Zircaloy-2 p e r  u n i t  weight,  L is  the th ickness  of a i r  gap, K is t h e  thermal  con- 
d u c t i v i t y  of a i r ,  and C i s  t h e  s p e c i f i c  h e a t  of Zircaloy-2. 
Using t h e  following va lues  f o r  t h e  parameters, 
q *  = 0.24 ca1,sec ,g ( a t  1 vamp) 
I n  t h e  equation, T is t h e  temperature a f t e r  exposure 
-1 -1 
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2 -1 A = 3.8 cm ,g 
L = 0.022 cm 
C = 0.066 ca1,g 
-1 -l,oc-l K - 5.7 x ca1,sec ,cm 
T = 23OC. 
-1, o c - l  
The ca l cu la t ed  w a l l  temperature following 10 sec of i r r a d i a t i o n  is 42OC. Dur- 
i n g  t h e  same t i m e ,  t h e  ca l cu la t ed  temperature r ise i n  t h e  s o l u t i o n  i s  3.8OC if 
it is  again assumed t h a t  t he  hea t  w a s  no t  exchanged between s o l u t i o n  and w a l l s .  
Now i f  i t  is  assumed t h a t  t h e  hea t  absorbed wi th in  t h e  ce l l  remains w i t h i n  t h e  
cel l  and is d i s t r i b u t e d  t o  y i e l d  a uniform temperature,  t h e  uniform temperature 
rise is about 7OC. 
i r r a d i a t i o n  at  1 vamp f o r  10 sec w a s  below 35OC a t  t h e  m a x i m u m .  
c a l c u l a t i o n  would be requi red  t o  ob ta in  t h e  temperature more p r e c i s e l y .  
t h i s  w a s  considered unnecessary s i n c e  G(Ce 
temperature below about 35°C. 
It w a s  concluded t h a t  t h e  temperature  of t h e  s o l u t i o n  during 
A more d e t a i l e d  
However, 
+3 
) does n o t  change s i g n i f i c a n t l y  wi th  
Some experiments employed a cu r ren t  g r e a t e r  than  1 vamp. The c a l c u l a t e d  
temperature changes f o r  t he  l a r g e s t  cu r ren t  (2.27 vamps f o r  8 sec) were: (1) 
39OC i n  t h e  w a l l s  f o r  t h e  assumed condi t ion  t h a t  h e a t  was t r a n s f e r r e d  only t o  
t h e  mounting p l a t e ,  (2) 7 O C  i n  t h e  s o l u t i o n  f o r  t h e  assumed cond i t ion  t h a t  h e a t  
is not exchanged between s o l u t i o n  and w a l l s ,  and (3) 13OC f o r  t h e  ce l l  assuming 
no hea t  exchange with surroundings but  uniform d i s t r i b u t i o n  of temperature  with- 
i n  t h e  cell.  
range f o r  which G(Ce 
I V .  1 ) .  
The average s o l u t i o n  temperature i n  t h i s  case w a s  probably i n  t h e  
) w a s  2.4 r a t h e r  than  t h e  2.5 p r e v a i l i n g  below 35°C (Fig. +3 
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The prel iminary experiments t o  eva lua te  reduct ion  of Ce+3 by r e a c t i o n  
wi th  c e l l  w a l l s  w e r e  c a r r i e d  out using s o l u t i o n  B i n  ce l l  No. 1. P r i o r  t o  
these  tests t h i s  c e l l  had been i r r a d i a t e d  whi le  f i l l e d  wi th  s o l u t i o n  B. The 
r e s u l t s  of t h e  tests showed t h a t  t h e  Ce+4 w a s  reduced a t  an average rate of 
molar pe r  h r  during a 20 h r  exposure a t  room temperature. Since t h e  
+4 res idence  t i m e  during an experiment w a s  15 min, and t h e  (Ce ) w a s  determined 
wi th  a p r e c i s i o n  of about 10 M, t h e  average rate found i n  t h e  c o n t r o l  exper i -  
ment i nd ica t ed  t h a t  reduct ion  by the w a l l s  during an experiment w a s  n e g l i g i b l e .  
N o  c o n t r o l  tests w e r e  made wi th  0.01 M Ce+4 s o l u t i o n  s i n c e  i t  w a s  assumed t h a t  
t h e  reduct ion  rate would not be increased by a reduct ion  i n  (Ce  
t r a t i o n .  This assumption w a s  v e r i f i e d  q u a l i t a t i v e l y  by t h e  observa t ion  t h a t  
a s o l u t i o n  which w a s  i n i t i a l l y  0.01 M C e  
a f t e r  s tanding  w i t h i n  ce l l  No. 1 f o r  20 h r .  
I V . 5  R e s u l t s  
-4 
+4 ) concen- 
t4 s t i l l  exh ib i t ed  some ceric i o n  co lo r  
IV.5.1 S t a t i c  Mock-up 
The r e s u l t s  of t h e  series of dosimeter experiments wi th  t h e  s t a t i c  cel l  
mock-up are l i s t e d  i n  Table I V . 8  toge ther  wi th  germane experimental  information 
and explanatory notes .  
Graaff window and of t h e  gold s c a t t e r e r  wi th  respec t  t o  t h e  cell  dup l i ca t ed  
those  used i n  a previous experiment (Exp. 3, Appendix 111, 2.27 cm between win- 
dow and p l a n e  of c o i l ,  and 1 m i l  Au scatterer 0.48 cm from plane of c o i l ) .  The 
series of experiments w a s  completed during an 8-hr working per iod (9-29-65). 
The order  of sample c o l l e c t i o n  was t h e  same as t h e  order  of l i s t i n g .  
The pos i t i ons  of t h e  ce l l  wi th  r e s p e c t s  t o  t h e  Van de 
The beam 
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1 
2 
I. 
3 
4 
5 
6 
1 
8 
9 
10 
11 
12 
12. 
1 3  
14 
15 
16 
17 
18 
18* 
Sol 'n  placed 
in reservoir 
on 9/27/65 
Prcsh mol'" 
placed In  
reservoir OD 
9/29/65 
"-r.y t..t 
-- 
Control 
Irr.dlatlm -- 
CDntro1 
-- 
-- 
Control 
l r r a d i a t l m  
C m t r o l  
8ol.n Irom 
VI.) taat  
no. 1 2  
_- 
-- 
Control 
Control 
Irradlatlon 
con t ro 1 
Control 
*-r.y t e s t  
Sol 'n I r a  
No. 18 
-- 
-- 
-- 
14.5 
14.0 
11.0 
18.6 
12.5 
12.0 
14.8 
1J .O 
14.5 
13.9 
-- 
21.75 
10.5 
6.0 
6.0 
7 
20 
-- 
--- 
--- 
--- 
0.161 
0.156 
0.108 
0.103 
0.114 
0: IOU 
0.0019 
0.0831 
0.oBue 
0.0712 
-- 
0.0771 
n.01n 
0.01w 
0.0113 
o.ni17 
n. 1 
--- 
-- 
-- 
-- 
81.0 
(63-100) 
10 .4  
( 70-90) 
82.0 
(15-95) 
95.4 
(95-100) 
91.5 
(64-100) 
46.9 
(43-100; 
45.3 
(26-49) 
41 
-- 
-- 
-- 
16.7 
(2-40) 
14.6 
(2-50) 
15 
(0.5-50) 
I5 
(10-15) 
-- 
-- 
-- 
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cur ren t  var ied  appreciably during some of t h e  experiments, and t h e  upper and 
lower values of the cu r ren t  are l i s t e d  i n  a d d i t i o n  t o  t h e  average cu r ren t .  
The r e s u l t s  of t h e  c o n t r o l  experiments showed t h a t  t h e  genera l  background 
+4 of y-rays p r e v a i l i n g  during V a n  de Graaff ope ra t ion  d i d  no t  a f f e c t  t h e  (Ce  
s i g n i f i c a n t l y .  
t h r u  t h e  tubing and during continued s tanding  i n  t h e  tank. The r e fe rence  (Ce ) 
i n  a s o l u t i o n  i r r a d i a t i o n  experiment w a s  taken as t h a t  found i n  t h a t  c o n t r o l  ex- 
periment which w a s  c a r r i e d  out a t  about t h e  same t i m e  and which employed t h e  ap- 
proximate flow rate used i n  t h e  experiment. 
2.41 2 0.08, campares favorably with t h e  va lue  of 2.40 5 2-3% shown by t h e  re- 
s u l t s  a t  4OoC repor ted  by Taimuty and coworkers. 
) 
Some reduct ion  of Ce+4 occurred dur ing  passage of t h e  s o l u t i o n  
+4 
+4 The average value f o r  G(Ce ), 
13 
The va lues  f o r  t h e  normalized power dens i ty  from t h e  experiments a t  45 
uamps and above are i n  reasonable agreement. 
ments a t  approximately 15 vamps a re  s i g n i f i c a n t l y  lower. 
low cu r ren t  experiments, No. 9 ,  should be d is regarded  because, owing t o  a h igh  
flow rate, t h e  f r a c t i o n  of Ce+4 reduced w a s  only about 0.1. 
t i oned ,  t h e  v a l i d i t y  of t h e  dosimeter technique has  n o t  been e s t a b l i s h e d  f o r  a 
f r a c t i o n a l  reduct ion  of less than 0.2. 
t h e  o t h e r  low dose rate experiment, No. 10, was  n o t  s a t i s f a c t o r i l y  e s t a b l i s h e d ,  
and hence t h e  unce r t a in ty  i n  this r e s u l t  is g r e a t e r  than t h a t  f o r  t h e  o the r ,  high- 
er dose rate, experiments. 
i n g  from low v e l o c i t y  regions i n  t h e  cel l  is most pronounced a t  t h e  lowest 
v e l o c i t y .  
Those obtained from t h e  experi-  
However, one of t h e  
As previous ly  men- 
The c o n t r o l  concent ra t ion  of Ce+4 f o r  
Also, as mentioned previous ly  any unce r t a in ty  r e s u l t -  
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The evalua t ion  then is t h a t  t he  r e s u l t s  show a normalized dose rate t o  
t h e  s o l u t i o n  of 149 w/cc wi th  a s tandard  e r r o r  of 4.2 w/cc (5 5.0 w/cc a t  
70% confidence) corresponding t o  t h e  scatter of t h e  high power dens i ty  data .  
Including t h e  uncer ta in ty  i n  the  value of G ( C e  ) which is i nd ica t ed  by t h e  
scatter of t he  experimental  va lues  f o r  G(Ce+3) i n  Table I V . 8 ,  t h e  o v e r a l l  
+3 
es t imated  e r r o r  a t  70% confidence is & 12 w/cc.* 
s o l u t i o n  corresponds t o  145 w/cc i n  water (Sec. IV.3.3). 
The va lue  of 149 w/cc i n  
I V .  5.2 Dynamic Mock-up 
The r e s u l t s  of t he  experiments wi th  t h e  dynamic c e l l  mock-up are l i s t e d  
i n  Table IV.9 toge ther  wi th  experimental  information and notes .  As previously 
mentioned, t h e  con t ro l  samples w e r e  no t  placed wi th in  the  ce l l .  A determinat ion 
of G(Ce +3 ) f o r  t he  s o l u t i o n  gave a va lue  of 2.45. A s p e c i a l  e f f o r t  w a s  made t o  
a s su re  electrical  contact  between ce l l  and mounting p l a t e  f o r  Exps. 7 and 
fol lowing ones by clamping one tube t o  t h e  mounting p l a t e  w i th  an a l l i g a t o r  
c l i p .  With earlier experiments, t he  ce l l  w a s  simply set i n  place.  
The r e s u l t s  of t he  dosimetry experiments s c a t t e r e d  apprec iab ly ,  and two 
r e s u l t s  were g rea t ly  out  of l i n e  on t h e  low s i d e .  Poss ib l e  explana t ion  f o r  
t h i s  scatter include:  (1) a n a l y t i c a l  e r r o r s  w i th  t h e  s m a l l  samples, and (2) 
e r r o r s  r e s u l t i n g  from poor electrical  contact between c e l l  and mounting p l a t e .  
A poor e lec t r ica l  contac t  would r e s u l t  i n  a l o w  dose rate s i n c e  charges c o l l e c t -  
i ng  on t h e  c e l l  would r e p e l  e l ec t rons .  Within t h e  unce r t a in ty  i n  t h e  r e s u l t s ,  
t h e r e  w a s  no e f f e c t  of t h e  changes i n  window th i cknesses ,  backsca t t e r ing  
material ,  o r  d i s t ance  of s tandoff  of t he  e l e c t r o n  scatterer. Neglect ing t h e  
two out-of-l ine and low va lues ,  t h e  average normalized power dens i ty  i n  t h e  
s o l u t i o n  w a s  158 w/cc with a s tandard  e r r o r  of 6.9 w/cc (2 7.6 W / C C  at 70% 
confidence) corresponding t o  the  sca t te r  of t h e  da t a .  Inc luding  t h e  Uncertainty 
*The method employed i n  these  estimates w a s  an adap ta t ion  of t h a t  descr ibed  by 
M. A. Kastenbaum, Biometrics,  IS, 323, 1959. 
~ - -. 
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+3 i n  t he  va lue  of G ( C e  ) which i s  indica ted  by the  scatter of experimental values  
f o r  G(Ce ) i n  T a b l e  I V . 8 ,  t h e  o v e r a l l  es t imated e r r o r  a t  70% confidence i s  2 23 +3 
w/cc.* The va lue  of 158 w/cc i n  t h e  s o l u t i o n  corresponds t o  153 w/cc i n  water 
(Sec. I V .  3.3). 
I V .  6 Conclusions 
IV.6.1 S t a t i c  C e l l  
The r e s u l t s  of dosimetry measurements at 45 t o  95 pamps are considered t o  
be r e l i a b l e  values  f o r  t h e  dose rate i n  the  mock-up a t  these  and o t h e r  beam 
curren ts .  The lowest dose r a t e  i n  these  p a r t i c u l a r  experiments w a s  a f a c t o r  of 
t h ree  g r e a t e r  than t h a t  f o r  which t h e  v a l i d i t y  of the  dosimetry technique has 
been previously es tab l i shed .  However, t h e o r e t i c a l  cons idera t ions  revealed no 
reason t o  ques t ion  t h e  v a l i d i t y  of t h e  dosimetry technique a t  t h e s e  h igher  dose 
rates. The r e s u l t s  show t h a t  a power dens i ty  of 145 w/cc a t  100 pamps can be 
r ead i ly  achieved. Furthermore, s i n c e  t h e  mock-up design w a s  very similar t o  t h a t  
of the  experimental  cell ,  i t  w a s  poss ib l e  t o  c lose ly  estimate the  power dens i ty  
i n  a s i m i l a r l y  posi t ioned experiment from these  mock-up r e s u l t s .  
IV.6.2 Dynamic C e l l  
The dosimetry experiments i n d i c a t e  t h a t  a f a i r l y  uniform** power dens i ty  of 
about 150 w/cc a t  100 vamps can be achieved i n  t h e  proposed dynamic ce l l  without  
t h e  use of s p e c i a l  backsca t te r ing  ma te r i a l .  The proposed ce l l  design w i l l  d i f -  
f e r  s u f f i c i e n t l y  from the  mock-up design t h a t  i t  w i l l  be worthwhile t o  perform 
a d d i t i o n a l  dosimetry experiments i n  which the  c e r i c  s o l u t i o n  is  exposed wi th in  
the  c e l l .  The expected p rec i s ion  of t h e  measurements using the  experimental  c e l l  
w i l l  be g r e a t e r  than t h a t  i n  the  mock-up because of t h e  g r e a t e r  s o l u t i o n  volume 
and g r e a t e r  dose r a t e s  which can be employed. 
*The method employed i n  these  estimates w a s  an adap ta t ion  of t h a t  descr ibed  by 
M. A. Kastenbaum, Biometrics,  IS, 323, 1959. 
**The ex i s t ence  of a near ly  uniform power dens i ty  w a s  deduced from previous ly  
reported r e s u l t s  for  t he  uniformity of t he  beam cur ren t  f o r  t h e  c e l l  and s c a t t e r -  
er pos i t i ons  used i n  the  dosimetry experiments (Exp. 8 of Appendix 111, 2 - 9 1  
window sepa ra t ion  with 1 m i l  Au separa ted  from t h e  ce l l  by 0.48 cm). 
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F i g .  IV.2. Dynamic Mock-Up C e l l  and Mounting P l a t e .  
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Appendix V 
Fabr ica t ion  of Cell and Jacket Assembly 
A length  of Zircaloy-2 tubing (-3 i n . )  w a s  chemically pol i shed  on i n t e r -  
n a l  s u r f a c e s  t o  produce an I D  of about 25 mils. 
w a s  po l i shed  f u r t h e r  t o  an I D  of 26 t o  27 mils. 
f o r  accommodation of t h e  f i l t e r ) .  This tube w a s  annealed a t  700°C i n  a stream 
of H e  f o r  a few min, a f t e r  which i t  w a s  i n s e r t e d  i n t o  t h e  s t a i n l e s s  steel  
j a c k e t  tubing using copper shim s tock  t o  i n s u r e  proper  s epa ra t ion  between t h e  
two tubes. 
shim s tock  w a s  then d isso lved  i n  HNO A n  a d d i t i o n a l  1 m i l  w a s  then  removed 
from t h e  I D  by chemical po l i sh ing .  
t i o n  of Cd at room temperature on this f i n a i  surr'ace. The filter vzs t f i ~  
f a b r i c a t e d  and forced  i n t o  t h e  enlarged s e c t i o n  of t h e  tubing, and t h e  assembly 
w a s  x-rayed i n  o rde r  t o  check tube s e p a r a t i o n  and f i l t e r  pos i t i on .  
sembly of t h e  equipment w a s  ca r r i ed  out.  
A 0.8 in .  l eng th  a t  one end 
(This enlargement w a s  made 
The loop w a s  formed, and t h e  tubes  reannealed at 700OC. The copper 
3' 
I n  some cases, tests w e r e  made of adsorp- 
F i n a l  as- 
10 6 
Appendix V I  
Inva l id  Radiation Experiments 
The a n a l y t i c a l  r e s u l t s  of s e v e r a l  consecutive experiments showed marked 
v a r i a t i o n s  between the  concent ra t ions  of Cd i n  s o l u t i o n s  sampled a t  d i f f e r e n t  
t i m e s ,  (Table VI. l ) .  The n a t u r e  of t he  v a r i a t i o n s  - t he  d i f f e r e n c e  between 
samples taken a t  about t he  same t i m e  w a s  less than t h a t  between those  taken 
before  and a f t e r  apprec iab le  amounts of s o l u t i o n s  were passed through t h e  
system, d u p l i c a t e  samples  of r e s e r v o i r  s o l u t i o n s  were i n  reasonable agreement, 
and t h e  v a r i a t i o n s  i n  concent ra t ions  were on t h e  high s i d e  of t h e  expected 
ones - l e d  us t o  be l ieve  t h a t  t h e  v a r i a t i o n s  r e s u l t e d  from depos i t ion  of Cd- 
bear ing  s o l i d s  a t  some loca t ion  wi th in  t h e  s o l u t i o n  system o t h e r  than t h e  ce l l  
o r  downstream tubing. Assuming t h a t  t h i s  w a s  t h e  case, the  v a r i a t i o n s  would be 
explained by assuming t h a t  more o r  less Cd was r ed i s so lved  by t h e  s o l u t i o n  
which w a s  passed during the  f l u s h  which followed t h e  a c i d  f l u s h  of t h e  cell.  
These r e s u l t s  were t h e r e f o r e  considered i n v a l i d  and were d is regarded  i n  s t a b i l -  
i t y  eva lua t ions .  
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Table V I . l  
Non-Valid Experiments Conducted Using Cell-4 
and 0.02 M CdS04 a t  77°C 
Date Radiation Sample Amount of Cd i n  10A of Solution(pg) 
d Control Radiat ion Reservoir 
Ab BC Ab BC 
I n t e n s i t y  a (Vamps)  No. 
5/6 
5/10 
5/11 
100 229-230 
2 31-2 32 
233-1 
233-2 
66 234-235 
236-1 
2 36-2 
237-238 
239-1 
2 39-2 
2 40- 2 4 1 
242-1 
242-2 
243-244 
66 245-246 
247-1 
247-2 
2 4 8-2 49 
17.7 18.2 
18.8 18.7 
18.4 
18.2 
21.5 20.4 
18..8 
18.7 
19.8 18.0 
17.0 
17.7 
17.0 18.1 
19.4 
19.8 
1 7 . 3  17.6 
18.1 18.1 
2 1 . 7  
21.7 
18.3 18.2 
a. 
b. 
c. 
d. 
Exposure t i m e  f o r  c o n t r o l  and r a d i a t i o n  experiments w a s  30 min. 
Sample of i r r a d i a t e d  o r  cont ro l  so lu t ion .  
Sample of s o l u t i o n  i n  cell  a t  t i m e  i r r a d i a t i o n  or c o n t r o l  was terminated. 
Sample of r e se rvo i r  so lu t ion  co l lec ted  i n  S and then placed i n  f l a s k  from 
which 1 O A  samples were withdrawn a t  a later t i m e .  
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